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Introduction 
One of the major areas of interest in thermal hydroliquefaction involves the mechanisms 

of hydrogen shuttling by aromatidhydrommatic donor solvents to coal structure, engendering 
the scission of thermally-stable alkylmmatic linkages. Derbyshire et al.' and McMillen and 
Malhotra2 were among the fmt to recognize that hydrogen donor solvents can play an active role 
in the scission of thermally stable C-C bonds in coal structures. At least hyo "conventional" 
hydrogen-transfer pathways, hydrogen atoms (HA) and reverse radical disproportionation (RRD), 
and two "unconventional" hydrogen transfer pathways, radical hydrogen-transfer (m and 
additi~n-transfer-ehination,~ could play a role in the shuttling of hydrogen kom donor solvent 
to the ipso positions of substituted mmatic linkages in coal structures. It is unreasonable to 
assume that any one of these pathways is responsible for all solventengendered bond scission. 
Depending on the reaction conditions, one pathway may be more dominate than the others, or 
several of them could contribute simultaneously. A quantitative understanding of competing 
hydrogen-bansfer pathways between aromatic structures can yield valuable information regarding 
the efficient cleavage of bonds in coal structures during hydroliquefaction. It is the goal of this 
work to quantify the importance of the conventional hydrogen-transfer pathways and make 
qualitative pmhctions regarding the unconventional pathways. 

(1) ArH. - > A r + H .  
H . + A r R  -> ArHR. HA 

(2) ArH2 + A r R - > A r H . + A r m .  RRD 

(3) ArH ' + ArR -> AH-ArR ' Addition 
Transfer 
Elimination 

AH-ArR ' -> ' Ar-ArRH 
Ar-ArFw 3 Ar + Arm. 

(4) ArH. + ArR-> Ar+ArHR. RHI 

We have u n d d e n  mechanistic kinetic modeling (MKh4) studies and expimental 
thermolysis studies of model compounds to quantify the importance of individual hydrogen- 
transfer pathways involved in the scission of alkyl-arene C-C bonds in diaryhethanes as a 
function of donor solvent composition.s In this paper, we report the role of hydrogen-transfer 
pathways in the aromatidhydrommatic solvent mixtures naphthalenddihydronaphthalene 
(Nap/NapH2), phenanthrenddihydrophenankne (PhenPhenHJ, anthracenddiydroanthracene 
(AdAnHJ, and cyclohexadienene/benzene (PhPhHJ for promoting bond scission in a family of 
diqlmethanes (Ar-R>diphenylmethane (PhCH2-Ph), I-benzylnaphthalene (PhCH2-Nap), 9- 

The results of this work will 1) show the significance of the role of lire hydrogen atoms 
and 2) question the necessity of invoking the radical hydrogen-transfer pathway in promoting GC 
bond scission in alkylarenes. 

Results and Discussion 

1 1 benzylphenanhe (PhCH2-Phen) and 9-benzylanthmme (PhCH2-An). ' 
A# 

1 

One of the advantages of h4KM is the ability to quantify individual reaction pathways that 
compete kom the same intermediate or yield the same products. It is a challenging experimental 
task to separate the amount of alkylarene bond scission by compting RRD and HA pathways 
'Ihis difficulty has led to ambiguous results regarding the role of solvent-induced bond scission. 

The activation barriers for the two conventional hydrogen-transfer pathways, HA and RRD, can 
be estimated to within a few k d m o l  because of the "product" like or "reactant" like nature of 
the transition state. On the other hand, there is no a priori means to estimate the intrinsic 
activation barriers for the two unconventional hydrogen-transfer pathways, A'IE and RHT. 
Theoretical approaches and rigorously-designed experiments must be undertaken to quantitatively 
evaluate the feasibility of competing unconventional hydrogen transfer pathways! 

n 

I , kKh4 permits "computer labeling" studies to quantify each competing pathway. 

I r 
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The Model, A mechanistic model composed of the fie radical hydrogen--fer pahays, 
initiation, termination, hydrogen scission, abstraction, addition, and reverse radical 
disproportionation, was developed for each mixed-solvent system and diarylmethane subtrate 
(Scheme I). Arrhenius rate parameters were derived fiom the literature values of the 
thermochemical estimates of the heat of formation (AHQ of the products, reactants, and 
intermediate radicals? We u t i l i d  the regimen of Malhotra and M~Mil len~~ and Manka and 
Stein8 to calculate the temperatwedependant rate for each individual reaction step. For concise 
introduction, we separate our model in three sections, 1) initiation and termination events, 2) 
efficient utilization of solvent and bond scission by HA and RRD pathways, and 3) ineficient 
utilization of solvent. 

The initiation pathway utilized in this modeling study is the RRD between the 
dihydrome and arene solvent molecules. Only radical disproportionation was considered as a 
termination event in our model since solvent derived radical coupling products have been shown 
to be unstable at temperatures above 350"C.9 

Efficient solvent utilization pathways are defined as pathways leading to the scission of 
C-C bonds by RRD and H atom pathways. The rate determining step of the twestep HA 
pathway is scission fiom the hydroaryl radical. Addition of the hydrogen atom to an arene ring 
is not expected to be very selective relative to hydrogen transfer by the RRD pathway. Hydrogen 
atom addition to the solvent will also occur in competition with hydrogen hansfer to 
diarylmethanes. Thus hydrogen from the solvent can be consumed without the scission of C-C 
bonds, and in some solvent mixtures is predicted to dominate the hydrogen-transfer chemistry. 

To compare the rate of product formation from the H atom pathway to the RRD pathway, 
we utilized a computer "label" of the products arising h m  each competing pathway. In this 
way, competitive pathways involving the same intermediates can he quantitatively predicted. For 
example, we "label" the alkyl-arene bond-scission precursor, ipso addition of a hydrogen atom 
by to the alkyl position of Ar-x, arising h m t h e  RRD pathway as ArXH (equation 14), 
whereas ipso addition of a hydrogen atom by to the alkyl position of Ar-x arising h r n  the HA 
pathway, gives ArxH (equation 4). Both "ipso adducts", ALYH and ArxH, are "chemically" the 
same intermediate; they cleave at the same rate to yield the scission product, labelled RRD(H) 
(equation 18) and HA@) (equation 17) respectively. In this m e r ,  we can account for the 
yield of scission by each competing pathway even when the same intermediate is involved. To 
calculate the relative rates of solvent-induced scission of Ar-x by each pathway, we compared 
the predicted yield of the scission product as a function of thermolysis time. Thus, the percenr 
C-C bond scission by H atom pathway = [HAHI /{[HAHI+ [RRDH}. 

Scheme I. 

intiat iodtemination 

Fxample of kinetic hydrogen-transfer pathways in MAnH2 
----I_------ 

1 A n H 2 +  An -> AnH+ AnH, 
2, A n H +  AnH-> Add2+ An, 

5, A N ( +  H -> AnHx nompso 
6, AnHx - > h +  H solvent 
7, AnH - > A n +  H 

H atom pathways 
4, A N ( +  H -> AnxH ips? 

8, A n +  H - > A n H  
9, AnHz + H -> AnH + H2 
10, M 2 +  An -> H A n +  AnH 14,5-8 position 
11, HAn + Ala*-> ff*+ AnH 
12, HzAn + AnH, -> H y h  + AnH 
13, H3An + Ad& -> &An + AnH 

14, A n H z +  Anx 3 A n H +  A n m  

16, M2+ &-> AnH2x+ AnH 

17, AnxH -> A n H +  HA(H) HA 
18, AnxH -> A n H +  RRD(H) RRD 

RRD 

15, AnH2+ Anx -> A n H +  AnHx abstraction 

scission 

19, M 2 x  -> AnH + RED'C(H) nonipso 

Examination of Table I clearly shows the importance of ike hydrogen atoms in the scission of 
d i a r y h e h e  coal l i g e s .  ?he only clear case of C-C bond scission by the RRD pathway is 
in An/AnHz solvent mixtures. lhis can be explained by the stability of the 9-hydroaryl radical. 
Table I1 lists the predicted relative total rate of diarylmethane bond scission (the sum total of 
both RRD and H atom contributions) in the series of solvent mixtures for each substrate, giving 
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an indication of the "best" solvent for a given diarylmethane structure. A comparison of bond- 
induced Scission of NapCH2Ph in AdAnH2 verses Phen/PhenH2 illustrates the selectivity 

between the HA and RRD pathways. The model predicts nearly equal rates of 
solvent-induced scission; however, the selectivity of bond scission is expected to be greater in 
Wm2 because of the contribution bond scission by the more selective RRD pathway. 
MCMillen and Malhotra3" have observed that although there is very little diffmce in the rate 
Of bond scission of 1,2dmaphthylmethane in Phen/PhenH2 and An/AnH2 solvents, tha t  is a 
substantial difference in the observed selectivity. They suggest that the difference in selectivity 
is due to the operation of the RHT pathway in AdAnH2 solvents; however, our current analysis 
suggests that the increase in selectivity is due to the operation of the RRD pathway in A d M 2  
solvents. 

ExpERrmENTAL STUDIES. 
To test both the rate and selectivity predictions of our mechanistic model of hydrogen 

transfer pathways h m  dhydroarenes to diarylmethanes, we have utilized experimental 
thermolysis studies of 1,2-dinaphthylmethane @NM) in AnH, and AdAnH2 solvent mktures. 
Our model suggests that cyclic olefins, e.g. Ad&, will be faster and less selective than MAnH2 
solvent mivtures with less selectivity in the solvent-induced scission of DNM. 

cyclic Olefm. 1,4,5,8,9,10-Hexahydroanthracene m. 
The predicted rate of bond scission in Ph/phH, solvent mktures as shown in Table I1 

suggests that cyclic olefins are a special class of dihydroarenes donor solvents. W e l l  and 
Curtislo have demonstrated that cyclic olefm provide enhanced liquefaction yields relative to 
their dhydroarene isomers. However, we note a chaindecomposition pathway of the cyclic 
olefm can limit the efficiency of C-C bond scission by this family of donors as shown in 
Scheme II. 

Scheme I1 

Abstraction 

Chaii Decomposition Pathways of Cyclic Olefn Donor Solvents. 
--___-- __ 

A d & , +  H -> Ad&+ H2 
Ad& -> AnH,+ H 
AnH, + H -> AnH3 + H2 
AnH, -> AnH2 + H 
AnH, + H -> AnH + H2 

Addition 
AnH, + H -> H,An 
H,An + AnH, -> &An + Ad& 
H&I + H -> H&n w + AnH, -> HI&+ Ad& 
Thermolysis of neat A@ at 380°C results in a variety of hydroanthracene isomers with 

total consumption of the cyclic olefi in less than 20 minutes. The conversion of 1,2'- 
dinaphthylmethane (DNh4) in hexahydroanthracene at 380°C is dependant on the starting 
concenttation of DNM; at lower DNM concentrations, hydrogen atoms add co-itively to the 
solvent m. Thermolysis of DNM in AnH, d t s  in a 20-30% consumption of DNM in the 
f i t  20 minutes followed by a much slower conversion." The observed selectivity of bond 
scission as measured by the yield of 2-Methylnaphthalendl-Methylnaphthalene (1.6) is what is 
expected for a hhydrogen-atom scission pathway? 

I)lhvdroarene. AntIuacend9,lO-Dihydroanthracene An/AnH2 
Thermolysis of mixtures of AdAnH2 at tempera- above 380°C result in a dynamic 

exchange of hydrogen atoms between the anthracene structures with very little hydrogen 
formation of hydrogen &as. The process results in a shill of hydrogen h m  9,1& 
dhydroanthracene (AnH,) to anthracene to yield 1,2,3,4tydroanthracene (Ad&). Formation 
ofthe AnH, has been suggested to occur by a series of RHT steps h m  AnHo to the outer ring 
ofanthracene.'2 However, we have found that the timedependant formation of AnH., can be fit 
to a series of RRD steps without the need to invoke the RHT pathway. 

Thermolysis of DNM in mixtures of A d a 2  yields 4 %  consumption in the fust 20 
minutes (as compared to >30% in AnH,). The selectivity of bond scission as measured by 2- 
M&ylnaphthalendl-Methyhaphthalme is higher, between 4-6. As predicted by our MKM 
results, the selectivity does not change substantially as the ratio of An/AnH2 is increased as has 
been previously suggested3". However, the selectivity is pxhcted to be very sensitive to the 
addition of a diluent, such as biphenyl (SP). Adding BP lowers the rate of bond scission by 
the RRD pathway, but has little effect on the rate of scission by the HA pathway. The net result 
of the dilution studies is thus a predicted decrease in rate as well as selectivity. The results of 
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/ 

1 
I 

r 

I 629 



the thermolysis study and the predictions of our mechanistic model are shown in Figure I. A set 
of control e x p h e n t s  was performed to investigate the occurrence of secondary thermolysis 
events. When a small amount of tetralin, 10% by weight, was added to the starting reaction 

of DNM in AdAnHz, we found that the tetralin was consumed under the reaction 
conditions at high AdAnHz solvent ratios. Tnis is most likely due to the low concentration of 
mz donor available for capping the radicals formed by the solvent induced scission. 
Formation of tetralin products can arise fiom adding of hydrogen to nonipso positions of D M ”  
If these reduced products are consumed in secondary events under the reaction conditions, e.g. 
low donor concentration and long reaction times, one could be led into believing that a change 
in hydrogen-transfer pathways was leading to a more efficient utilization of hydrogen fiom the 
donor solvent when in fact, the same hydrogen-transfer process could be in operation but the 
hydrogen is recycled. 

Conclusions. MKM and thermcchemical kinetic estimates predict that hydrogen atoms dominate 
the chemistry of strong bond scission. Cyclic olefm are predicted by MKM and have been 
found experimentally to be extremely rapid with little selectivity and only limited by competition 
with self reactions consumpting the solvent. 

All model compound studies that we have examined” can be explained by conventional 
hydrogen transfer pathways when consideration is given for the uncertainty in estimating the 
denim-rate parameters. We are gratified that the results h m  our simple mechanistic model, 
utilizing only fke hydrogen atoms and m m e  radical disproportionation pathways, reproduced 
OUT own experimental observations regarding relative rates and selectivities of diarylmethane 
alkyl-arene bond scission in hydroanme donor solvents as well as other published observations. 

While the mcextainty in the thermochemical data of free radical pathways does not rule 
out the possibility of some contributing RHT type pathway, it dog require faith to p r o p e  a 
novel hydrogen pathway such as RHT based solely on MKM results. Until either rigorom 
theoretical approaches or direct, unambiguous experimental evidence is obtained, we suggest 
caution in invoking the RHT pathway between arenes. On a note of lU€r optimism, we suggest 
that finther studies of the RHT pathway should be investigated when polarized transition states 
are possible.’4 

All solvents and reagents were purchased fiom Aldrich. Anthracene was 
x i  diydroanthracene was recrysalized three times hrn 95% ethanol. nermolysis 
experiments of mixtures containing anthracene and dhydroanthracene were prepared in sealed 
pyrex tubes. Stock mixtures 111, 115, 511 Mwt were prepared in bulk by grinding the pure 
compounds together with a roller-ball mixer. &&au&c Modeling . Ac~chem’~ utilizes a 
variable step inteptor to solve stiff integration problems. Temperature dependent molar density 
of anthracene was obtain from the API refxnce guide available through Chemical Abstracts 
online service in file DIPPR 
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\ 

Phm-R 

An-R 76 58 

Table II. Relative Rate of scission by RRD and H atom pathways. 400°C (Ar/ArH2 3/1) 10% 
by weight substrate Ar-R 

1560 100 13 17 

An-R 2300 650 12600 

~~ 

Figure I. Mechanistic kinetic model predicted and e,yxrimmtal observed selectivity of Bond 
Scission. Ihermolysis of DNM in A n t h r a c e n e / D i h y y d e  (AdAnHa with (w) and 
without (w/o) biphenyl and a cyclic olefm 1,4,5,8,9,10-Hexahydroan~e (m). 
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IS RHT ALIVE AND LIVING IN VENEZUELA? 

-and Ripudaman Malhotra 
SRI International, Menlo Park, California 94025 

Key Words: Hydrogen transfer. bond cleavage, coal liquefaction. 

INTRODUCTION 

facile, and coal structures so varied and unknown, that were it not for model compounds, the 
concept of "hydrogen transfer" in coal liquefaction would be little more than a mantra which we 
recite. Several years ago, studies of hydrogen-transfer reactions in model compounds led to the 
suggestion, if not the rigorous proof. that a "missing link" in the system of known H-atom 
transfer reactions was not only kinetically accessible under liquefaction conditions, but also 
played a key role in bond cleavage during liquefaction.(I-4) More recently, however, specific 
model-compound and computational studies (5-7) have led researcpers to question the general 
accessibility of "radical hydrogen-transfer" (RHT) compared to other H-transfer pathways. In 
light of this recent work, it is important to articulate more clearly the limited "window of 
opportunity'' originally posited (2) for RHT, and to reconsider some other model compound 
systems in each of which one or more of the various alternative transfer pathways are themselves 
insufficient to account for the observed reaction. The particular difficulty embodied in the 
following discussion is that no single system has yet been identified in which RHT can be 
claimed to be free of competition with all other H-transfer routes. The ultimate goal of this 
reconsideration of model compound studies is to obtain an improved view of the probable 
importance of RHT in coal liquefaction and in catalytic hydrotreatment of heavy oils. 

hydrogen transfer accomplishes, and how the transfer takes place. In recent years there has been 
an evolution of thinking related to both aspects. H-transfer was once considered to come only 
after weak-bond homolysis, serving merely to prevent retrogressive reactions of fragment 
radicals. In recent years, however, many model compound studies (1,2,4,8-10) have shown 
beyond a doubt that H-atom transfer, both abstractive and additive, and not involving free H- 
atoms, induces the cleavage of strong bonds in coal-related structures under the conditions of 
coal liquefaction. However, the precise modes by which the additive H-transfer occur under any 
specific conditions have been very difficult to determine with any certainty. It is this latter 
aspect that we primarily address in  this paper. 

EXPERIMENTAL SECTION 

This paper relys primarily on thermochemical data from the literature and on published 
model compound kinetic studies, including those of the authors. In most cases, the experimental 
techniques have involved batch reaction at 35O-4OO0C in borosilicate or fused-silica ampoules 
housed in a pressure vessel. or in small stainless steel micro-reactors.(2-4) Analyses were 
generally performed by GC-FID and GC-MS. 

RESULTS AND DISCUSSION 

Trends in RHT competitiveness with Shifts in Thermochemistry. As reiterated 
recently (7). it has been asked repeatedly over the last 50 years (2.3.6.1 1.12) whether direct 
bimolecular transfer of a hydrogen atom from a hydrocarbon radical to an unsaturated system 
(RHT) might occur directly. That is, might a direct bimolecular reaction, occurring without the 
intervention of a free H-atom, be competitive under some conditions with the well-established 
sequence of H-atom elimination, followed by a separate step in which the H-atom adds to the 
unsaturated reactant? The answer to that limited question is probably yes. However, because 
RHT has to compete not only with sequential elimination and addition of H-atoms, but also with 
H-transfer from closed-shell H-atom sources (e.g., reverse radical-disproportionation, or RRD 
from hydroaromatic donor molecules themselve4, there is likely a substantial range of structures 
and conditions for which RHT cannot easily be competitive. Notwithstanding difficulty of 
experimentally determining the precise contibution of RHT when the competitive reactions 
produce an identical set of products, the thermochemical requirements for a competitive RHT 
process can be easily delineated. 

We will discuss these criteria starting with the anthracene-dihydroanthracene system, 
since it was the principal solvent used by us in the presentation of the case for RHT, and because 
Stein and coworkers (13) have used it as both the solvent system and the reaction substrate in 
studying the kinetics of the net process shown in Reaction 1 (An* in Reaction 1 below is simply 
anthracene, labeled with an ethyl group at the relatively unreactive 2-position). 

Under coal liquefaction conditions, hydrogen transfer reactions of various types are so 

There are two aspects of hydrogen transfer as related to fossil fuel conversion: what 

AnHz +An* An+An*Hz 
1) 
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In this case. the reverse radical-disproportionation we have posited as a common initiation step 
for RHT (often rapid enough to be a pre-equilibrium) simply becomes the stoichiometric transfer 
step. 

AnH2 +An* + 2An*H* 
2) 

The overall process is completed by H-abstraction (Reaction 3). 

An*H* +AnH, --L An*H2 + H + AnH* 
3) 

First, it should be stressed that the system in Reaction 1 is not really a good case for 
N T ,  as  becomes clear when the component steps are examined. As we have already noted, in 
the system studied by Stein (13). RRD is the stoichiometric transfer step; by the time that RHT 
potentially appears on the scene, the net H-aansfer has already been accomplished. Obviously, 
the only possibility for RHT to play a substantial role in the production of An'H2 would be in the 
limit where the labeled acceptor was in a substantial minority, with respect to an unlabeled 
acceptor or solvent. 

ask the intuitively appropriate question, "Why would it be favorable , if the original source of 
hydrogen in any case is to be AnHZ, to shuttle the hydrogen through the carrier radical AnH.. 
when this does not in any way change the overall AH'?" This question is posed schematically in 
Figure 1. The answer to the question is (a) in coal liquefaction, an entire assembly of acceptor 
species, polycyclic Ar, are likely to be present in the solvent at high concentration, and may be 
statistically (and perhaps thermochemically) favored as the first acceptor of hydroaromatic 
donor hydrogen, and (b) the stoichiometry of AnH* production by RRD means that two 
molecules of the carrier radical AnH. are produced in each R R D  step, so that the steady state 
concenmation of ArH. varies exponentially with I f 2  AH'RRD (Le., the thermodynamic "cost" of 
producing ArH* is only one-half that of producing two ArH-). This is  illustrated in Figure 1 by 
the hypothetical potential energy diagram where anthracene, dihydroanthracene, and 
dinaphthylmethane are representatives of the generalized system of aromatic hydroaromatic 
solvent system (Ar/ArHz) and cleavable acceptor Ar'-X. 

Even in the case where the dominant acceptor is not the substrate to be cleaved, one may 

ArHZ + Ar 2ArH- 

ArHZ + Ar'-X --f ArH* Ar'-XH* 

ArH- Ar'-X -+ A r +  Ar'-XH. 

Ar'-XH* rast Ar' + X 
--f 

For [Arl = IArHzI, ASORRD = 0. ERRD = AH'RRD. ARRD = ARHT, and where Ar and Ar'-X 
are equally gwd H-acceptors, at equal concentrations, this becomes: 

Thus, when Ar and Ar'-X are equally good acceptors, reaction via RHT ArH. (Reaction 
6) will tend to be preferred to the extent that the activation energy for the thermoneutral RHT is 
< 1/2 AHORRD. One-half of AHOWD is 17 kcaVmol in the anthracene system; all other kinetic 
factors being equivalent, an activation energy for RHT of less than 17 kcaVmol or a 
concentration of Ar greater than that of ArH2 will favor transfer via RHT, rather than directly 
from ArH2 to Ar'-X. 

anthracene/dihydroanthracene (14) resulted in an activation energy for thermoneutral RHT of 
As it happens, our original fitting of data for dinaphthylmethane cleavage in 
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16.5 kcaVmol, that is, putting RHT in the An/AnHgAn'-X system only at the threshold of RHT 
feasibility. However, as the H-accepting thermochemistry of the substrate Ar'-X moves away 
from being thermoneutral. the RHT process can become more accessible, depending on whether 
its major competition is from RRD or free H-atom addition. 

If, as will commonly be the case with an anthracene/dihydroanthracene solvent system, 
RRD is the major competitor to an (actual or potential) RHT, then a shift in the substrate (or 
solvent) thermochemistry so as to make the substrate to be a relatively poorer acceptor, raising 
the AHo for both RRD and RHT, will make RHT relatively more favorable. While this may 
seem counter-intuitive, it results because on the one hand, the increase in AHORRD leads to an 
exactly equal increase in ERRD (as a reaction with zero intrinsic activation energy, is., 
essentially no activation energy in the reverse direction, there can be no further lowering of the 
intrinsic activation energy). On the other hand, the activation energy for RHT will increase, in 
the terms of the Evans-Polanyi formalism, by only a fraction of the increase in AH'RHT (the 
fraction being given by 1-a, where a is the Evans-Polyani factor describing the fraction of a 
change in the thermodynamics (MGO) of an exothermic reaction that is applied to the kinetics 
(E,) of the reaction). Thus an increase in A H O R H T  from 0 to roughly +I3 kcaVmol as the 
substrate Ar'-X in an anthracenddihydroanthracene solvent system goes from an Ha acceptor that 
is equally as good as anthracene to one that is 13 kcaVmol poorer (e.g., naphthalene) (14). will 
result in an increase of 13 kcaVmol in ERRD. but in an expected increase of only roughly 50 to 
70% of this value, or 6 to 9 kcaVmol, in ERHT. At 400°C. this will result in a shift toward RHT, 
relative to RRD, by a factor of 20 to 200. Thus the thermochemistry predicts that RHT will be 
relatively more favored, in anthracene, by an Ar'-X that is apoorer acceptor than anthracene. 

In contrast to the case for competition with RRD, if the major competition for an RHT 
process is sequential elimination and addition of a free H atom, then change in the substrate (or 
solvent) so as to make RHT more exothermic will be a relative benefit to RHT. This is a more 
easily intuited result than that discussed above: if the solvent system is one in which the carrier 
radical ArH* eliminates an H atom fairly readily (e.g., phenanthrene/dihydrophenanthrene), then 
making the substrate Ar'-X a better acceptor, so that the RHT is exothermic. will obviously not 
influence the unimolecular H-elimination, but will facilitate the RHT step by ~(MH'RHT). or 30 
to 50% of the MHORHT. In the case of moving from a phenanthrene-like to an anthracene-like 
acceptor, this will result, At 400'C. in a shift toward RHT relative to free H-atom transfer, by a 
factor of 10 to 40. 

The above considerations reiterate that we expect the contribution of RHT to be 
sandwiched in a limited region between dominance by RRD on the one hand, and dominance by 
free H-atoms on the other. More specifically, they indicate that the thermoneutral-RHT system, 
anthracene/dihydroanthracene/anthracene-X. investigated by Stein (13) is, as he indicated, not 
the best system for observing RHT, whereas the anthracene/dihydroanthracene/naphthalene-X in 
which we claimed to have observed RHT (2.14). is relatively much better for this purpose. The 
exothermic-RHT system, phenanthrene/dihydrophenanthrene/anthracene-X, where Stein did 
claim (3) to observe substantial RHT, is a relatively good system for that purpose, much better 
than the near-thermomeuual-RHT system, phenanthrene/dihydrophenanthrene/naphthalene~X, 
where our data fitting (14) suggested transfer by free H-atoms was twice as important as RHT, 
even at an aromatichydroaromatic ratio of 2/1. 

H-Transfer Efficiency and Selectivity. In those of the above cases where the cleavage 
of dinaphthylmethane was involved, the task of determining the dominant pathway was often 
made more difficult by competition from indirect cleavage pathways involving initial H-transfer 
to a non-ipso position on Ar'-X, followed by additional H-transfers to generate reduced, 
uncleaved products. These uncleaved products can then undergo cleavage either by homolysis of 
bonds that have been made doubly benzylic by the partial reduction, or by H-abstraction to 
produce the initially desired, easily fragmentable ipso-radical. In the case of our studies on the 
anthracene/dihydroanthracene/dinaphthylmethane system, we attempted to limit this additional 
difficulty by focusing on reaction conditions that minimized multiple H-transfers , i.e., high 
ratios of anthracenddihydroanthracene. The high ammatichydroaromatic ratio increases H- 
transfer efficiency by limiting the chances that an initial hydrogen transfer to a non-ipso position 
(by whatever transfer mechanism) would be followed by additional transfers so as to result in a 
reduced-uncleaved product. This observed increase in efficiency under conditions of high PAH 
content, which has been previously discussed 10.14). is strikingly parallel to observed shifts in 
efficiency in both liquefaction (16) and gasification. (17) 

The additional route to cleavage through multiple-H-atom reduction that is discussed in 
the previous paragraph has made it somewhat difficult to unambiguously apply the otherwise 
very definitive selectivity diagnostic for the active H-transfer agent. Nevertheless, we believe 
that positional selectivity in H-atom transfer is a least arguably a useful indicator. Free H-atoms 
are highly reactive and are expected, and found (14). to show relatively little positional 
preference for attack at the electronically favored I-position of naphthalene, as compared to the 
slightly less favored 2-position. Thus, dominant free H-atom-induced cleavage of 1.2- 
dinaphthylmethane approaches a 2-methylnaphthalend1 methylnaphthalene ratio of about 1.6. 
(14) Any increase from this this ratio necessarily represents a contribution from some other, 
more selective, H-transfer agent. Cleavage in the anthracenddihydroanthracene system is found 
(14) to be highly selective, with the above ratio reaching a value of about 6. However, both RHT 
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arid RRD are expected to be very selective, and so this high value, by itself. does not constitute 
evidence for RHT. In  dihydrophenanthrene. however, where RRD is ruled out  as a 
stolchiollletric H-transfer step (and where free I4-atoms are the main RtlT competitor). the 
OtXerved ratios are 3.0 to 3.5, still substantially higher than 1.6. I h e  higher selectivity ratio 
would be unequivocal evidence for RIlT contribution. were it  not for the fact that, even at fairly 
high Phenanthrene/dihydrophenanthrene ratios. there is still a substantial amount of product 
derived from reduction followed by cleavage. 

sl%gestive, even if not fully unambiguous. Since cleavage rates are about two times higher then 
i n  the anthracene solvent system under comparable conditions, and the C-tl bond strength in 
dibdropyrene is 5 kcal/mol higher than in dihydroantliracene (14), transfer by RRD is 
Con~Pletely ruled out as the cleavage-inducing step. On the other hand. the 
~-~l~thylnaphtt~alene/l-methylnaplithalene selectivity ratio is about 4, well above the 1.6 
expected for free H-atonis.(Z) The obvious conclusion is that H transfer by RI11’ is substmtial i n  
the case of pyrene; however, here too. the result remains somewhat tainted by the contribution of 
p:lthways that involve reduction followed by cleavage. 

1,2-Dihydronaphlhalene Disproporlionalion. As is well appreciated hy those who 
h:we attempted to use either simple product identification or kinetic modeling of total rates, 
dcterinination by these means of the precise portion of reaction that is accounted for by RIIT 

to be very difficult. The best chance for distinction usually lies with an internal 
comparison and its shift as concentrations change, such as in  simple dilution. One of the earliest 
cases of this approach was that of 1,2-dihydronaphthalene (DI IN) disproportionation.( I )  The 
radical-chain disproportionation of I ,2-dihydronaphthalene gives equal amounts of tetralin and 
Ilaphthalene. The propagation steps, as shown in Scheme I ,  are abstraction of a hydrogen from 
the 3-position of DHN by tetralyl radical (T-), followed by either an RtIT to transfer a hydrogen 
from the I-hydronaphthyl (NH.) radical to DIIN, or sequential H-atom elimination from NII. 
and addition to DtlN, to accomplish the same net change. 

The sole difference between these disproportionation pathways involving either free I I- 
atoms or RHT stems from the fact that free f I  atoms can not only add to DHN, but also abstract 
from DI I N  to form H2. RI-IT cannot produce Hz. In the case of tl-abstraction by 11-, the net 
products of Dt1N self-reaction become naphthalene and H2, rather than naphthalene and tetralin. 
Since the tl-transfer by RHT with which the elimination-addition sequence may be competing is 
a bimolecular reaction, its rate will be decreased by dilution, whereas that for the uniniolecular 
elimination will be unaffected. The subsequent addition of, and abstraction by, H a t o m  are 
bimolecular reactions that will be slowed by dilution. but since they b o t h  involve reactions with 
the sanie molecule, namely DHN (Reactions 7a and 7b in  Scheme X), their ratio will not shift 
with dilution. Thus, the only change with dilution will be the competition between RHT 
(Reaction 4) and tl-atom elimination (Reaction 6). Increasing dilution will increase the relative 
chance of ]{-atom elimination, and, to the extent that abstraction by 11. competes with addition of 
t l- ,  the parasitic production of H2 and naphthalene production without tetralin production will 
increase. 

The quantitative expectations from a steady-state analysis of this system are shown in 
Figure 2 (reprinted from reference I ) ,  as a series of calculated lines, each of which is based on a 
particular values of the fraction of free 1-I- that add to (rather than abstract from) DIIN. If the 
reactions i n  Scheme 1 correctly describe the disproponionation. then the data should be fittable 
to one of the curves in Figure 2 simply by adjustment of the k&g ratio. 

dilutions, the data are not scattered, and they fit the function lomi very well, so as to leave little 
roan for adjustment. The very existence of a curved data plot in Figure 2 is significant: if there 
is no Il-transfer by RIIT, there will be no competition for the chain propagation by free 11-atoms, 
and there can be no shift in the naphthalene/tetralin ratios with dilution. In  fact, these 
measurements were prompted by related data of Allen and Gavalas ( I  8). and of Franz and 
coworkers (19). which indicated shifting H2 yields with changes in dilution. Thus, the 
observation of ony shift in the naphthalenehetralin ratio is evidence for a competing RHT 
reaction. This conclusion is uniquivocal, f ( a )  the chain length is long and the reverse of the 
intiation step (a bimolecular reaction) is not a significant product generator, and (b) other side 
reactions do not distort the product ratio. Both of these qualifications were considered in  our 
original publication and judged to be unimportant.( I )  Nevertheless, given the apparently 
unequivocal nature of the evidence for Rl1T from this earlier dilution study, and current 
questions about the accessibility and generality of RHT, we believe the case of 1.2- 
dihydronaphthalene disproportionation should be re-examined. 

SUMMARY 

elirnination/addition that one expects from thermocheniical consideration, reiterates that the 
supposed case of RHT that has been most called into question by recent studies (7), is in  fact 
expected to be among the poorest of all specific examples of RHT yet claimed. Specific cases of 
either exothermic or endothermic RHT (e.g., phenanthrene/dihydrophenanthrene. anthracene. or 
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In  the pyrene/dihydropyrene system, the observed sclectivity appears still more 

Although the naphthalene-tetralin ratios did not vary widely for a substantial range of 

Re-examination of the trends in competition between RHT, RRD, and free 11-atom 



anthracene/dihydroanthracene/dinaphthylmethane, or pyreneldihydropyreneldinaphthylmethane 
are all more expected and more credible. Reexamination of the original 1.2-dihydronaphthalene 
disproportionation data continues to make this case appear a very credible example of RHT. 
Nevertheless, the framework of thermochemical considerations discussed here again makes it 
clear that there is a limited window of opportunity for RHT. in between RRD on the one hand 
and free H-atom elimination/addition on the other. Current attention would be most usefully 
directed to this window. 

In any event, the case of shifting hydrogen-utilization efficiencies illustrates the important 
point that competing and shifting competition between various transfer pathways does not render 
consideration of them irrelevant. On the contrary, the shifting competition makes for situations 
in which liquefaction effectiveness can vary substantially with shifts in solvent composition or 
temperature. The situation is indeed complex, and model compounds, judiciously chosen and 
interpreted in light of data with actual coals or heavy oils, represent the only feasible route for us 
mortals into the labyrinth of fossil fuel chemistry. 
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i Figure 1. Illustrative potential energy diagram for direct- (RRD) and carrier-radical-mediated 
hydrogen-transfer (RHT) in the anthracenfl, IO-dihydmanthracene//I,2-dinaphthylmethane 
system. 
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Scheme 1. Radical-chain reaction sequence for 1.2-dihydronaphthalene disproportionation. 
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Figure 2. Observed and calculated effect of  dilution with biphenyl on the naphthalendtetralin product 
ratio in the disproportionation of 1.2-dihydronaphthalene at 385°C. 
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INTRINSIC BARRIERS FOR H-ATOM TRANSFER REACTIONS 
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Hydrogen transfer reactions play a well recognized role in coal liquefaction. While H-abstraction 
reactions between radicals and H-donors have been well studied, understanding of structure- 
reactivity relationships remains surprisingly incomplete. The Bell-Evans-Polanyi relationship' 
expressed by Equation I is used routinely to correlate and predict rates of H-abstraction from a 
homologous series of donors. 

E, = aAHr + C 1) 

The constant, C, is interpreted as the activation barrier if the reactions were to occur with zero 
enthalpy change. For hydrocarbon radicals, the value of C is usually assigned the barrier for the 
identity reaction of methyl plus methane with justification being that the few idcntity reactions that 
have been measured are all within a few kcal/mol of this value. However, uncertainties of this 
amount when combined with uncertainties in the reaction enthalpy can lead to orders of magnitude 
errors in rate estimates. 

Another form of hydrogen transfer known as radical hydrogen transfer (RHT)2.3.4.5.6 is currently 
the subject of much speculation with respect to its role in coal liquefaction. RHT is unusual in that 
the radical donates a P-hydrogen to an acceptor molecule rather than abstracting hydrogen from a 
donor molecule. RHT is known to take place readily between ketones and ketyl radicals.6 But in 
hydrocarbon systems, it remains controversial due to a lack of information about its activation 
barrier. The reaction is thought to be important in high temperature liquid-phase reactions of 
hydrocarbons3.k and in coal liquefaction4c.5 where it provides a simple route for migration of 
hydrogen from hydroaryl to aryl structures and for cleavage of aryl-alkyl bonds. However, multi- 
step reaction pathways to the same products are usually possible. For RHT to be important, its 
activation barrier must be. sufficiently low to compete with these alternative pathways. In particular, 
RHT must compete with unimolecular scission of H-atom from the radical and subsequent rapid 
reactions of free H atoms. Thus, RHT remains controversial due to the lack of information about 
activation barriers for RHT reactions. 

Marcus Theory7 has been shown to be applicablc to atom transfer reactions in the form of Equation 
2 but it has received little attention until recently.89Jo 

Marcus theory7 defines the intrinsic barriers as above and equates it with one-fourth of the bond 
reorganization energy for forming the transition state (TS) structure. Marcus theory also recognizes 
that the intrinsic barrier may depend on both the attacking radical and the H donor, and defines the 
intrinsic barriers for unsymmetrical reactions as the average of the barriers for contributing 
symmetrical identity reactions. Finally, the Marcus equation simplifies to the Bell-Evans-Polanyi 
equation when Equation 2 is expanded and the quadratic term is negligible ( i .e . ,  reactions that 
exhibit small exothermicities and large intrinsic barriers). Nonetheless, the possibility that intrinsic 
barriers are unique for each set of radical and donor should not be neglected. 

Recent theoretical*. 11.1 2 studies of H-abstraction reactions of simple hydrocarbons and 
functionalized methanes have shown significant variation in intrinsic barrier heights and essentially 
have validated the assumption of Marcus theory that the intrinsic barrier for cross reactions are 
approximately the average of that for the two contributing identity reactions. However, a complete 
understanding of structural effects is still incomplete: for although these studies have shown how 
the effects of alkyl and heteroatom functional groups attached to the reaction site effect the intrinsic 
barrier, the effects of delocalizing groups such as vinyl and aryl groups on intrinsic barriers for 
H-abstraction remain to be examined. Since no kinetic data are available for hydrocarbon RHT 
reactions, theory-based insights to rate-controlling factors are needed to aid experimental verification 
and elucidation of this pathway. 

COMPUTATIONAL METHODOLOGY, MNDO-PM313 calculations of TS geometries and 
energies (AH' f )  were performed using MOPAC (Quantum Chemistry Program Exchange, 
Department of Chemistry, Indiana University, Bloomington, IN; QCPE No. 455 ver. 6.0). 
Geometries of transition states for H-atom transfer reactions were optimized using the Hartree-Fock 
(RHF) half-electron Hamiltonian. TSs for identity reactions were located using the default 
optimizer by forcing the breakinglforming C-H bonds to have equal lengths. TS geometries for 
nonidentity reactions were optimized using one or more of the following methods available in 
MOPAC ver. 6: Bartel's nonlinear least squares minimization routine, McIver-Komomicki gradient 
minimization routine, and the eigenvector follower optimizers. Force calculations were performed to 
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establish that optimized geometries actually were saddle points for H transfer (only one negative 
vibrational frequency). The TS energies for twenty H-abstraction reactions were correlated with 
experimental energies (obtained by summing experimental AH", of the abstracting radicals and 
hydrogen donors, and experimental activation enthalpies). The least squares fit yielded the 
following equation and statistical parameters: AH'tf(expt)= I. 14AHo*f(calc)-8. 1 kcal/mol; 
r2=0.9984; standard error AH"f(calc.)=1.9 kcal/mol. AH'j for radicals and donors were obtained 
from the literature14 or derived from standard estimation methods 14 when experimental data were 
unavailable. Rate data for H-abstraction reactions are from the literature.ls.l6 For reactions in 
which temperature-dependent rate data are lacking, Arrhenius activation energies (Ea,x) were 
estimated using Equation 3, which equates the difference in activation energies between the reaction 
of interest and a basis reaction of known activation energy with the log of the relative rate constant at 
a known temperature and statistically corrected for the number of donatable-hydrogens. 

RESULTS. Analysis of Errors in the MNDO-PMJ Method. PM3 yields AH", that differ 
systematically from experimental values with different errors for different structural classes. 17 For 
example, experimental AH", for polycyclic aromatic hydrocarbons show a linear correlation with 
PM3 heats. The fit to benzene, naphthalene, phenanthrene and anthracene is excellent 
(r2=0.99993). Inclusion of higher aromatic hydrocarbons gives a very good fit as well, except for 
benz[a]phenanthrene, triphenylene, pyrene and tetracene data which are sufficiently far from the line 
to warrant skepticism about their accuracy. An important feature of the fit is that its has non-unit 
slope and non-zero intercept. Thus, agreement between theory and experiment differs according to 
the magnitude of a compounds AH',. In the case of radicals, the errors are systematic for families 
of structurally-related radicals. For example, primary, secondary and tertiary radicals each exhibit 
an excellent correlation, deviating -12, -16, and -18 kca lho l  from experiment. We find that 
experimentally-determined H-abstraction TS energies correlate with PM3 calculated energies, too. 
The linear correlation between experimentall8 and calculated TS enthalpies is surprisingly good, 
especially considering that the data base includes reactions of methyl, ethyl, benzyl, and diphenyl- 
methyl radicals with alkane, alkene and aromatic donors and reaction enthalpies range from 
thermoneutral to -20 kcalhol.  Unlike the correlation for alkyl radicals, a simple offset correction 
will not suffice to reproduce experimental data. The least squares fit (see Methodology section) to 
the data yields a non-unit slope of 1.15 and a negative intcrcept. Therefore, calculated TS energies 
may be lower than experiment, approximately equal to experiment, or higher than experiment 
depending on the magnitude of the TS energy. 

Barriers for H-Transfer Identity Reactions. The above findings indicate that energy 
minima and maxima on PM3 potential energy surfaces for H-transfer correlate with experiment. 
With this insight, reliable structure-barrier trends can be obtained for H-transfer identity reactions 
provided that the necessary corrections are applied to the reactant energies when the harrier is 
obtained by taking the difference between TS and reactant energies. We have opted to use 
experimental data for reactants in our calculations because it reduces the number of structures to be 
calculated and eliminates the need to determine reactant errors. Barriers so obtained reproduce 
experimental trends qualitatively. 

Barriers for H-Abstraction Identity Reactions. Figure I shows results for alkyl radical 
systems. Intrinsic barriers for H-abstractions decrease in the order: methyl > ethyl = t-butyl 7 
i-propyl. 19 The barriers for methyl, ethyl and i-propyl correlate well with the decrease in bond 
dissociation energies (BDE) of the R-H bond as expected from ab initio calculations and valence- 
bond curve-crossing models. 11 We think that the t-butyl system is anomalous because PM3 over 
compensates for methyl group repulsions that develop in the pyramidal TS. Support for this 
explanation is found in comparisons of the calculated and experimental energies for the isomeric 
alicyclic butanes and pentanes.14 PM3 A K j  errors parallel the degree of branching. The calculated 
mf for n-butane is 1.3 kcaUmol larger than the experimental value whereas isobutane is larger by 
2.9 kcal/mol. For the pentanes, the calculated AH'j are larger by 0.6 kcal/mol for n-pentane, 2.4 
kcdm01 for isopentane, and 4.5 k c a h o l  for neopentane. Allowing for this error, the overall trend 
in alkyl radical H-abstraction identity barriers is in keeping with experiment20 and higher level 
the0ry.l I The downward trend in intrinsic barriers with methyl group substitution shows that the 
effect of branching at the reaction site stabilizes the TS more than the reactants. 

The effect of conjugation with the reaction site operates in the opposite direction. Results for 
systems involving %delocalizing aryl and vinyl groups also appear in Figure 1. Intrinsic barriers 
for phenyl substitutions increase in the order: ethyl < benzyl < diphenylmethyl. This effect was 

similar effect is calculated for alicyclic polyenyl and arylmethyl systems with intrinsic barriers for 
increase the order: allyl < pentadienyl < heptatrienyl and benzyl < 1-naphthylmethyl c 
9-anthrylmethyl. Good linear correlation with R-H BDEs are obtained for these homologous 
series, especially when uncertainties associated with radical AH'f  and BDEs are taken into 
consideration. These consistent trends indicate that the TS is stabilized less than the reactants by 
~e loca l i za t ion .  
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i first noted by Stein21 who compared the reactivity of methyl, benzyl and diphenylmethyl radicals. A 
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Interestingly, cyclic donors have lower intrinsic barriers than acyclic polyenyl and arylmethyl 
systems. Barriers for cyclohexadienyl-plus-cyclohexadiene and hydroanthryl-plus-dihydro- 
anthracene systems are substantially lower than barriers for 1.4-pentadien-3-yl plus 1,4-pentadiene 
and diphenylmethyl plus diphenylmethane. This trend is attributed to the release of strain in the TS 
that is present in the cyclic donors but not in the acyclic donors. Cyclic hydroaromatic donors are 
better than arylalkyl donors for coal liquefaction. Having lower intrinsic barriers for donating H is 
probably an important but unrecognized contributing factor. 
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Figure 1. The effects of radical-site branching and conjugation on calculated barriers for 
H-abstraction identity reactions of hydrocarbon systems: barriers for alkyl systems (0) 
decrease with donor C-H bond dissociation energy; barriers for conjugated systems p) 
show the opposite trend. 

Barriers for RHT Identity Reactions. Due to the complete lack of rate data for RHT 
reactions, a correlation for TS energies cannot be demostrated. However, a rigorous ab initio 
calculation has been carried out on the prototypical reaction, ethyl plus ethylene. The barrier (26.9 
kcallmol) we calculate using PM3 agrees well with the ab initio barrier (27.2 kcaYmol),zz provided 
that the PM3 barrier is obtained from the calculated TS energy and the experimentally-derived AWf 
for ethyl and ethylene. PM3 also reproduces the salient features of the ab initio transition structure 
(linear C-"inflight H"-C bond angle, planar carbons p to inflight H, pyramidal carbons a to "inflight 
~ 3 7 . 2 3  

Calculations of TS energies for higher homologs were performed to elucidate structure-reactivity 
trends for the RHT reaction. In all cases, RHT barriers were obtained from the difference between 
PM3 TS energies and experimental reactant energies. Barriers for RHT identity reactions were 
calculated for a series of hydroaryl-plus-arene systems as  well as I-methylallyl plus butadiene. 
Figure 2 shows trends for conjugated systems plotted against donor radical (HA.) C-H bond 
energies (estimated from thermochemical datal4 as follows: cyclohexadienyl, 25; 1-hydronaphthyl, 
3 1; ethy1.36; 9-hydroanthryl. 43; 1-methylallyl, 46). The barriers for hydroaryl radicals increase 
in the series: cyclohexadienyl < 2-hydronaphthyl< I-hydronaphthyl < 9-hydrophenanthryl < 9- 
hydroanthryl. The barriers correlate well with the C-H bond strengths for the AH* donor radicals 
indicating that the BDE is an indicator of the relative RHT barrier heights for aromatic systems. A 
similar trend is apparent for ethyl and methylallyl radical donors. BDEs for AH. increase because 
the radicals derive more resonance energy than the olefins or arenes from rr-delocalizing benzo and 
vinyl groups. Similarly, RHT barriers increase because the reactants (mainly the radicals) are being 
stabilized more than the TS by conjugation effects. 
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DISCUSSION. It is most noteworthy and surprising that RHT barriers are a substantial fraction 
(-80% for ethyl-plus-ethylene) of the 8-C-H bond energy. In contrast, H-abstraction reactions 

Fudermore, they show that barriers vary significantly with structure such that a single or average 

geometries calculated for H-abstraction and RHT reactiops provides fundamental insight to both the 

barriers. TS structures for H abstraction resemble an H atom in transit between two alkyl groups, 
not alkyl radicals. A radical sp2 carbon exhibits a relatively low barrier to pyramidal distortion 
compared to that for planar distortion of alkyl sp3 carbon.24 Consequently, most of the structural 
reorganization occurs at the radical carbon. Overlap with adjacent n-delocalizing groups is 
diminished in the TS with the net result being that the reactants are most effected by x-stabilization. 
For the RHT reaction, the radical site remains planar because it is remote to the carbons that are 
transferring the H atom. Carbons with greater reorganization energies, sp3 alkyl and sp* 
dkendarene, are at the reaction site and must deform to achieve the TS geometry. The sp3 carbon 
that is donating the H-atom deforms substantially towards sp2 character to achieve the TS. Thus, 
the RHT TS resembles an H atom interacting with the termini of two olefinic or aromatic moieties. 
With these insights, the greater barriers for RHT compared to H-abstraction are not surprising. The 
increase in barrier with benzannelation of the cyclohexadienyl-plus-benzene and vinylogous 
homologation of the ethyl-plus-ethylene systems is also consistent with these insights. Radicals 
derive relatively more stabilization from conjugation than olefins and arenes. Otherwise, the HA* 
BDEs would not increase with conjugation. The loss of radical character and development of 
olefinlarene character on forming the RHT TS causes the reactants to be stabilized more by 
conjugation; which explains why RHT barriers correlate so well with the AH* BDEs. 

I 
t 

T 

Occur wlth barriers that are a small fraction (-15% for ethyl-plus-ethane) of the donor C-H bond 
energy. Our calculations indicate clearly that RHT is intrinsically more difficult than H abstraction. 

intrinsic banier cannot be used to estimate H-transfer reaction rates accurately. Inspection of the TS 

noted effects of n-delocalizing groups and the substantial difference between H-abstraction and RHT 
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Figure 2. Barriers for radical hydrogen transfer identity reactions of 
conjugated systems increase with degree of conjugation. The effect correlates 
well with the bond dissociation energies of homologous radicals. 
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MECHANISTIC MODELLING OF 9,lO-DIMETHYLANTHRACENE THERMOLYSIS 
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INTRODUCTION 
Motivation. The present work on modelling thermolysis of a methylated aromatic acene continues our 
studies [1,2] of simple substrates that mimic the chemical moieties found in complex fossil materials of 
engineering interest. The 9, IO-dimethylanthracene, abbr. 910DMA, substrate was chosen because its 
Scene ring is prototypical of thc aromatic ring systems found in fossil materials, while its methyl groups 
typify the electron-donating substituents commonly pendant thereon. 

Previous Work. Thermolysis of 910DMA has not previously been studied by other authors 

Outline. Our modelling of 910DMA thermolysis is based upon a IO-step mechanism, valid at low 
conversions, that was recently formulated to describe experimental observations [ I  ,2]. Thermochemical 
parameters for all stable and radical species occurring in the mechanism were estimated from f i a t  
principles. Next, enthalpies of reaction were calculated for each elementary step and used to infer 
Arrhenius parameters in both forward and reverse directions. Rate constants were then calculated for each 
reaction at a selected temperature, and these were used in conjunction with the differential conservation 
relations for each species to effect a full numerical solution of the model system, starting from an initial 
condition of pure substrate. The numerical simulation of 910DMA thermolysis kinetics and product 
selectivities was directly compared with experimental observations at the same conditions. A sensitivity 
analysis was performed to discern how errors in the estimated Arrhenius parameters affected the model 
results. Finally, the Arrhenius parameters of certain elementary steps were adjusted, within their error 
limits, to provide an optimized model that best-fit the experimental observations. 

REACTION PATHWAYS & MECHANISM 
Pathways. Earlier experiments have identified three primary parallel pathways for thermolysis of 
91 ODMA, namely: (Pl)  hydrogenation to cis- and fruns-9, IO-dihydro-9, IO-dimethylanthracene, abbr. 
DHDMA, (P2) demethylation to 9-methylanthracene, abbr. 9MA, and (P3) methylation to 1,9,10- and 
other trimethylanthracene isomers, abbr. TMA. The primary demethylation product 9MA is associated 
with methane gas formation, and considerable amounts of heavy products are formed, including both pure- 
and cross-termination types of dimeric species related to 9lODMA and DHDMA. 

Mechanism. A possible mechanism for 910DMA thermolysis is presented in Fig. 1.  This elementary step 
"graph" is constructed with substrate and all stable molecular products arrayed in the bottom row and 
unstable radical intermediates arrayed in the top row. Reaction "nodes", arrayed in the middle row, 
connect the individual species in the bottom and top rows with arrows indicating the initial direction of 
reaction (all reactions are, of course, reversible). Initiation reactions are denoted by solid interconnecting 
lines, propagation reactions by various kinds of dashed lines and termination reactions by dotted lines. 
Arrow weights depict the relative elementary reaction traffic, to be discussed in the next section. 

The free-radical cycle is initiated by the bimolecular disproportionation of substrate (Rl), an 
intermolecular hydrogen transfer reaction, to form the respectively dehydrogenated and hydrogenated 
radical species 910DMA* and HDMA*. Of these, the latter can either abstract hydrogen from 910DMA 
by (W), to form DHDMA products, or undergo a !.hcission type of radical decomposition by (R3), 
forming 9MA product and a methyl radical CH3*. The CH3* can either abstract H from 910DMA by (R4), 
to form methane product, or add to 910DMA by (RS), to form the trimethyl radical HTMAI *. The latter 
can then abstract H from 910DMA via (R6) to form the observed TMA product. The radical cycle is 
terminated by the species 910DMA* and HDMA* engaging in both pure- and cross-combinations, (R7- 
R9), to form various dimeric products. HDMA* radical can also terminate by disproportionation, (RIO), 
to form 910DMA and DHDMA. 

The proposed mechanism accounts for the major products, 9MA, TMA, DHDMA, CH4 and heavies, 
observed during the initial stages of 910DMA thermolysis. Each of the observed triad of primary 
pathways arise naturally as limiting cases of the graph, with P1, hydrogenation, comprising the set [RI, 
m, R7]; p2, demethylation, the set [Rl, R3, R4, R71; and P3, methylation, the set [RI, R3, RS, R6, R8]. 
The stoichiometry of these sets restricts the maximum selectivity of each major product to 113, which is of 
the magnitude ofthe highest selectivities observed. The mechanism also suggests that the relative kinetics 
ofthe observed hydrogenation and demethylation pathways, (Pl)/(P2), are controlled by the HDMA* 
radical, through the ratio of its H-abstraction to pscission reactions (E)/(R3). Further, the observed 
methylation to demethylation pathway ratio, (P3j;(?2j, is go:,erned by competition between methyl radical 
reactions (R4) and (RS), in which CH,' either abstracts H from or adds to the 910DMA substrate. 

Thermo&emistry. Enthalpies of formation, AHOF, for all chemical species participating in our 9IODMA 
thermolysis model were estimated by a "macro" group-additivity technique, using a basis set of bond 

assembled from a variety of literature sources l3-101. Fig. 2 illustrates the estimation procedures. For the 
stable species 9MA in (a), we started with the largest, most structurally similar basis species available, 

interaction, were then either added or subtracted to bridEe the structural differences behveen the starting 
and the desired species. The method provided both AH f ,  kcallmol, and its rms error, kcal/mol. 
Calculations for a radical species, HDMA', are shown in Fig. 2(b). 

/ 

MODELLING 

I strengths, Do kcal/mol, steric corrections, Co kcallmol, and stable species enthalpies of formation, AHOF, 

namely ANT; other basis species and steric corrections, in this case lMN, NAP and an alkene gauche , 

i 
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Arrhenius Parameters. Arrhenius expressions ofthe form loglo k = loglo A - E*/@, with rate constant k 
(I, mol, s units), pre-exponential factor A (same units as k), activation energy E* (kcal/mol), and scaled 
temperature 0 = 0.004573*(T C + 273.2), were generated for each elementary step of the 910DMA 
thermolysis mechanism, as summarized in Table I .  An elementary reaction was first classified (column 
2). using standard free-radical reaction notation. Next, kinetic data [S, 11-14] for that type of reaction was 
analyzed to ascertain its activation parameters. Of these, IogloA = IogloAi,, + loglo(rpd) was decomposed 
into an intrinsic portion, loglo Ai,, (column 3) and a reaction path degeneracy, rpd (column 4). Activation 
energy E* was determined by an Evans-Polanyi expression (column 5 ) .  of form E* = + a.AH’, with a = 
0 (combinations), O S  (H-abstraction and transfer) or 1 (homolysis, beta-scission). Values of the enthalpy 
of reaction AH’, (column 6), derived from thermochemical estimates of the previous section, then led to 
E* (column 7) and the final Arrhenius expression (column 8). 

Numerical Solution. The model 910DMA thermolysis reaction system was solved by a computer code 
called ACUCHEM [15]. This program numerically solves a system of differential equations that describe 
the temporal behavior of a spatially homogeneous, isothermal, multicomponent chemical reaction system. 
Integrations are performed by the method of Gear [ 161, appropriate for the stiff differential equations 
encountered in the present case, Two types of tests were performed to ensure reliable results. First, in 
regard to stability, it was verified that the program generated the same concentration profiles, regardless of 
the time step size. Second, in regard to fidelity, the concentrations of all species, both radical and stable, 
calculated by the numerical solution at low conversions X < 0.1 were found to agree with the 
corresponding concentrations obtained from pseudo-steady-state algebraic solutions at similar conditions. 

RESULTS & DISCUSSION 
Original Model. Numerical solutions of the 910DMA thermolysis model were obtained at selected 
conditions covering the entire experimental grid, 3 15 < T C < 409 and 0.082 < [910DMAI0 moll1 < 2.47. 
The complete concentration histories of all radical and stable species obtained from each simulation were 
then used to prepare the illustrations in Figs. I ,  3 and 4. 

Reaction Traffc. The arrows in Fig. 1 graphically depict the elementary reaction traffic as calculated at 
T = 355 C, [910DMAl0 = 0.82 mol/l, and conversion X = 0.3 I ,  the thicker arrows denoting reactions with 
the greater net (forward - reverse) rates. The 910DMA substrate decomposes mainly, but not exclusively, 
by (Rl). The rates of hydrogenation (R2) and ofdemethylation (R3) are of comparable magnitudes, with 
(R3) > (R2). Methyl radical quenching by H-abstraction from substrate (R4) greatly exceeds its addition 
to the substrate (RS). Among termination reactions, (R7 - RIO), 910DMA* combination (R7) is dominant 

Kinetics. Fig. 3 compares substrate decay half-lives t* calculated from the model (hollow points and 
dashed lines) with those observed experimentally, (solid points and lines). Fig. 3(a), a semi-logarithmic 
Arrhenius-type plot of t*  vs. I/@, shows that, at constant [910DMAIo = 0.82 mol/l, the calculated t* are 
about 3-fold higher than experimental at all temperatures. Decomposition kinetics predicted by the model 
are thus slower than experimental, but exhibit roughly the same apparent activation encrgy. Fig. 3(b), a 
log-log plot o f t*  vs. [910DMAIo at constant T = 355 C, shows that the calculated t* are 2- to IO-fold 
higher than experimental, the more so at the lowest [910DMA],, with the model predicting an apparent 
decomposition reaction order -2, somewhat greater than the experimentally observed order -1 .5. 

es. Fig. 4 compares (a) the selectivity to 9MA product and (h) the ratio of TMA/9MA 
products, as calculated from the model, with those observed experimentally, using semi-logarithmic 
Arrhenius-type coordinates of either S(9MA) or R(TMA19MA) vs. I/@ at constant [910DMAIo = 0.82 
mol/l. In Fig. 4(a) the model is seen to predict a 9MA selectivity S(9MA) from 0.1 to 0.7 orders of 
magnitude below experimental, while in Fig. 4(b) model predictions of the major product ratio 
R[TMA/9MA] lie within k0.2 orders of magnitude of the experimental observations. 

Sensitivity Analyses. The significance of the differences between model predictions and experimental 
observations was sought from sensitivity analyses at T = 355 C and [910DMA], = 0.82 molil, the central 
point of the experimental grid, by separately perturbing the kinetics of selected elementary steps. The 
effects of these perturbations on the predicted decay half-life t*, 9MA selectivity S(9MA), and the primary 
product ratio R[TMA/9MA], are shown by the vertical dashed lines in Figs. 3 and 4. In Figs. 3(a) and (b), 
for example, the uncertainty in t* was estimated by perturbing the activation energy E*, by * 4.4 kcal/mol 
(the inherent error in AH’,,), since the elementary reaction RI contributes most heavily to the destruction 
of 910DMA substrate in our model. The upper and lower ends ofthe vertical dashed lines in each portion 
of Fig. 3 represent values of t*  obtained by negative and positive perturbations, respectively, of This 
sensitivity analysis shows that the inherent uncertainties of i 1 .5 orders of magnitude in values o f t  
calculated by the model considerably exceed the 0.5 to I .O order of magnitude differences between the 
model results and experimental observations. That is, within its (large) error limits, the model yields half- 
lives in agreement with experiments. Similar sensitivity analyses provided the vertical dashed lines in 
each of Figs. 4(a) and (b), showing that, within its error limits, the model also yielded 9MA selectivities 
and TMA/9MA ratios in accord wirh experiment. 

Optimized Model. The preceding comparisons between model and experimental results are mildly 
noteworthy because all the kinetic parameters employed in the original model were derived from first 
principles and used without adjustments. However, these comparisons also revealed the empirical 
alterations that might permit a best-fit of experimental results for engineering purposes, termed the 
“optimized” model. Specifically, the best-fit of all experimental data for 910DMA thermolysis at T = 355 
C with [910DMA]o = 0.82 moll1 arose by altering the original activation energies E*I, E*2, E*.* and E*, 
by respective amounts of -1.2, +1.2, -1.2 and -1.2 kcallmol, all of these changes being well within the 
inherent uncertainties of these parameters, respectively, &4.4, f2.4, k2.4 and k3.7 kcallmol. Figs. 5 (a) and 
(b) compare substrate and product histories obtained from the optimized model (lines) to the experimental 
data (points) for 910DMA, 9MA, TMA, CH4, and DHDMA. Fig. 5(a) shows the optimized model to well 
predict the observed 910DMA decay, with decay half-lives t* = 25000 s from the model versus 22000 s 
experimental. The absolute amounts of 9MA and of TMA formed by the model are both about I S-fold 
lower than experimental in Fig. S(a), but the model well predicts the relatively small amounts of DHDMA, 
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and its delicate variation with time, in Fig. S(b). Finally, Figs. 6(a) and (b) show that the optimized model 
Provides the correct magnitudes of  the major product ratios R[DHDMA19MA] and R[TMAl9MA], as well 
as a qualitative indication of their respective variations with conversion. For example, at all conversions 
0.0 < X < 0.54 the ratio R[TMA/9MA] - 0.25 from the model lies astride the experimental data. 

Modelling Perspective. In regard to both thermolysis kinetics and the selectivities of major products, the 
Predictions of the optimized model are appreciably closer to the experimental observations than those of 
the original model. However, the differences between the activation parameters of the optimized and 
original models, of order 1.2 kcallmol, are small relative to the inherent uncertainties in these parameters, 
of order 3.5 kcallmol. Thus, although the optimized model effects an appealing cosmetic improvement 
Over the original model, of possible value in engineering applications, the two models remain statistically 
similar. Substantive scientific improvements in modelling thermolyses such as the present must await 
better methods, and more reliable data, for deriving the kinetics of the underlying elementary reactions. 
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Figure 1. Elementary Step Graph of 91ODMA Thermolysis Mechanism. 
Arrow weights depict relative reaction traffic at T = 355 C, [91ODMA]o = 0.82 molll, 
and conversion X = 0.31, as calculated from the original model (see text). 

Figure 2 Illustration of Macro-Group Additivity Scheme for Estimation 
of Thermochemical Properties of (a) Stable and (b) Radical Species 

u .. c- 
Figure 3. Decay Half-Lives t' Experimental (solid circles and lines) Versus 
Calculated From Original Model (hollow circles, dashed lines) at 
(a) constant [91ODMA]o = 0.82 moll1 and (b) constant T= 355 C. 
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INTRODUCTION 
CS2-N-methyl-2-pyrrolidinone(NMP) mixed solvent(1:l by volume) 
gave high extraction yields(40-65%, daf) at room temperature for 
many bituminous coals(1). We also found that the extracts 
obtained include a considerable amount of the very heavy extract 
component which is not soluble in THF or pyridine, but soluble 
in the mixed solvent(2). This mixed solvent was used as an 
extraction solvent. for the heat treatment products of the 
bituminous coals at 300-450°C in tetralin(TET) or  naphthalene 
(NAP) ( 3 ) .  The results showed that retrogressive reactions occur 
more readily for the heaviest fraction, i.e., THF-insoluble, 
CSz-NMP mixed solvent soluble fraction (TIMS) than other lighter 
fractions such as benzene-insoluble , THF-soluble(preaspha1- 
tene) . The heat treatment of TIMS itself, which was obtained 
from the extraction of Zao Zhuang coal with the CSz-NMP mixed 
solvent at room temperature, in several solvents at 10O-35O0C 
showed that retrogressive reaction, 'i.e., the conversion of TIMS 
to the mixed solvent insoluble fraction (MI), was suppressed by 
adding a strong hydrogen'donating solvent such as 9, la-dihydro- 
anthracene (DHA) or 1,4,5,8,9,1O-hexahydroanthracene (HHA) (4). It 
was also found that as more hydrogen was transferred from the 
solvent to TIMS, the extent of the retrogressive reaction 
decreased. 

In this study, heat treatments of raw Zao Zhuang and Upper Free- 
port coals were carried out at 175-300'C in various solvents. 
The coal was found to undergo either retrogressive or dissolu- 
tion reaction even at temperatures as low as 175C. depending on 
the hydrogen donatability of the solvnet used. The mechanisms 
for these reactions are discussed. 

EXPER I MENTAL 
Zao Zhuang (China) and Upper Freeport (Argonne Premium Coal, USA) 
coals were used. The ultimate and proximate analyses are given 
in Table 1 .  Heat treatment solvents used are TET, NAP, 1 -  
methylnaphthalene(MNA), DHA, HHA and liquefaction recycle 
solvent (LRS) . LRS (88.5%C, 9.7%H) was obtained from the lt/day 
liquefaction plant of Wyoming coal operated by NED0 (New Energy 
Development Organization, Japan). 

Heat treatment of the coal was performed in 50mL magnetically 
stirred autoclave at 175, 2 5 0 ,  and 300"C, respectively. lg of 
the coal and 59 of the solvent were charged to the autoclave, 
which was pressurized with nitrogen to 5.0 MPa at room tempera- 
ture. After the heat treatment, the coal components were 
fractionated into the CSz-NMP mixed solvent-insoluble fraction 
(MI) and -soluble fraction(MS1, and then MS further into TIMS 
and TS(and the solvent), with the mixed solvent and THF at room 
temperature under ultrasonic irradiation, as shown in Figure 1. 
The quantity of MI and TIMS was determined after drying over- 
night in cacuum oven at 80°C and that of TS was calculated by 
difference, i.e., 100-MI-TIMS. The dissolution yield was 
defined here as the sum of TIMS and TS. 

The quantity of hydrogen transferred from DHA and HHA to the 
coal was determined from GC analysis. GC showed that the main 
solvent-derived products are anthracene for the heat treatment 
in DHA, and tetrahydroanthracene and octahydroanthracene for 
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that in HHA, respectively. Hydrogen transferred in both treat- 
ments Was determined from the quantity of anthracene, and from 
the difference of tetrahydroanthracene and octahydroanthracene, 
respectively. 

RESULTS 
Figure 2 shows the fraction distribution after the heat treat- 
ment Of Zao Zhuang coal in 5 solvents at 175"C,  250°C and 300°C , 
together with that for the raw coal, which was obtained from the 
fractionation of the extract of the raw coal with the CSz-NMP 
mixed solvent at room temperature. At 175°C and 250°C in NAP 
and TET, MI increased and TIMS decreased, compared with those 
for the raw coal. While, in a strong hydrogen-donating solvent 
such as DHA and HHA, MI decreased and TS increased by the 
treatment. Contrary to the results at 175°C and 250"C,  MI 
decreased and TS increased in TET at 300°C.  The same tendency 
was observed, to a lesser extent in NAP, than TET. In DHA, HHA 
and LRS the decrease of MI and the increase of TS was further 
enhanced at 300'C. Especially, in HHA, TS increased to 4 2 . 1 %  
from 13.8% of the raw coal and the dissolution yield, i.e., TIMS 
+ TS increased to 8 3 . 4 %  from 6 3 . 0 %  of the raw coal. The disso- 
lution yield and TS are the order of HHA > DHA > LRS. Figure 3 
shows that Upper Freeport coal gave similar results as those for 
Zao Zhuang coal, except that MI did not decrease at 300°C with 
MNA o r  TET, and the dissolution yields are 8 6 . 8 %  and 90.6% at 
30OoC in DHA and HHA, respectively, which are higher than that 
for Zao Zhuang coal. 

Figure 4 shows the dependence of the fraction distribution on 
the heat treatment time for Zao Zhuang coal in HHA at 250°C.  
The Figure shows that for the reaction times up to 1 h MI 
decreases and TS increases with increasing reaction time, but 
little change occurs over 1 h. Figure 5 and 6 show the depen- 
dence of hydrogen transferred from the solvent to the coal and 
the dissolution yield on the heat treatment temperature. The 
Figures indicate that the increase of the dissolution yield is 
closely related to the hydrogen transferred, and hydrogen 
transferred are always higher for HHA than those for DHA, 
indicating that HHA is a stronger hydrogen donating solvent than 
DHA. Figure 7 also shows that hydrogen transferred is well 
correlated with the dissolution yield when the heat treatment 
time was varied. Table 2 shows that spin concentration o f  
acetone-insoluble fraction(A1) after the heat treatment of ZZ 
coal in HHA is much smaller than that of the raw ZZ coal. The 
yields(raw coal base) were more than 90% and acetone-soluble 
fraction has much smaller spin density than AI. 

DISCUSS ION 
The result that MI increased and TIMS decrease at 175°C and 
250°C in TET indicates the occurrence of retrogressive reac- 
tions. Although TET is often used as a hydrogen-donating 
solvent in the study of coal liquefaction above 350°C, this 
result indicates that TET was little hydrogen-donating like NAP 
or MNA at the low temperatures. While, in a much stronger 
hydrogen-donating solvent than TET, i.e., DHA or HHA, the 
hydrogen donation from the solvent to the Coal occurs even at 
175°C and 250T, resulting in the dissolution reactions, i.e., 
the decrease of MI and the increase of TS. These dissolution 
reactions occur more easily at 300°C.  

When temperature rises to 300'C. the hydrogen donatability of 
TET and the reactivity of the coal radicals may increase. S o ,  
the retrogressive reaction in TET was suppressed. NAP, which 
has no donatable hydrogens, gave no suppression of the retrogre- 
ssive reaction even at 300°C.  MNA also gave a similar result as 
NAP, It should be noticed that LRS is a better solvent than TET 
in this treatment. It is probably due to the fact that LRS 
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contains a lot of hydrogenated condensed aromatic compounds 
which can easily donate hydrogens. 

The close relationship between the dissolution yield and the 
quantity of hydrogen transferred from the solvent to the coal 
and the decrease of radical concentration after the heat treat- 
ment indicated that coal radicals may be responsible for the 
results observed here. When the radicals are stabilized by the 
hydrogen donation, the dissolution occurs. While, in a poor 
hydrogen donating solvent which hardly donate hydrogen to the 
radicals, retrogressive reactions such as the addition to 
aromatic rings of coal network and coupling reactions between 
them may occur. It is not clear that the radicals, which are 
responsible for the dissolution and retrogressive reaction, are 
formed by the scission of weak covalent bonds and/or indigenous 
radicals activated by heat at 175-300°C. The fact that the 
extent of the dissolution reaction increased with the heat 
treatment time up to 1 h suggests that the dissolution reactions 
are rather slow. S o ,  the radicals may be formed by slow bond 
scissions, not indigenous ones, since the thermal activation of 
the latter radicals seems to be a rapid process. There are 
several kinds of weak covalent bonds which break at these low 
temperatures. For example, it is well known that as the number 
of phenyl groups replacing hydrogen atoms in ethane increases, 
its central C-C bond strength markedly decreases, and pentaphe- 
nylethane readily dissociates into the triphenylmethyl and 
diphenylmethyl radicals below 100°C . Stronger bonds than 
described above are possibly broken by solvent-mediated hydroge- 
nolysis proposed by Malhotra and McMillen(5). 

Finally, it should be noted that the results above described 
were obtained by the use of the CS2-NMP mixed solvent as an 
extraction solvent for the reaction mixture. If THF is used as 
an extraction solvent instead of the mixed solvent, we can only 
see small change of TS by the heat treatments carried out here. 

coNcLusloNs 
Heat treatments of Zao Zhuang and Upper Freeport coals were 
carried out in several hydrogen-donating solvents at 175-300°C 
under Nz atmosphere. Retrogressive reaction of the coal was 
observed in TET at temperatures as low as 175-250°C. While, in 
DHA or HHA, which are much stronger hydrogen donors than TET, 
the coal underwent dissolution reactions at 175-300°C. The 
quantity ,of hydrogen transferred from the solvents to coals was 
found to be well correlated with the degree of the dissolution 
reactions, and spin concentration in coal components decreased 
after the dissolution reactions, suggesting hydrogen donation to 
coal radicals in this heat treatment. 
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Table 1 Ultimate and Proximate analyses of the coals 

Coal and acetone-insoluble fraction(A1) 
of coal components after the heat treat- 

Ultimate analysis Proximate analysis 
(wtZ. daf) (wtX, db) 

C H N S 0' V M  Ash F C  

CSiNMP 
mixed solvent 

Zao Zhuang 86.9 5.1 1 .5  1.6 4.9 28.6 7.4 64.0 
Upper Freeport 86.2 5.1 1.9 2.2 4.6 28.2 1 3 . 1  58.7 

'By difference 
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after the heat treatment of Zao 
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after the heat treatment of Upper 
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SmsTITmNT EFFECTS ON C-H BOND STRENGTHS OF THE BENZYLIC 
POSITIONS IN COAL-MODEL COMPOUNDS: EFFECTS OF SULFUR, OXYGEN. 
NITROGEN AND AROMATIC MOIETIES ON THE STABILITIES OF RADICALS. 

Mikhail Alnaj jar,*.1 Gerald Gleicher,’ James Franz,’ Scott 
Truksa. ‘ Xian-Man Zhang,’ and Frederick Bordwell, ’. 
Northwest Laboratory, P. 0. Box 999, Richland, Wa USA 99352- 
0999 2Department of Chemistry, Oregon State University, 
Corvallis, OR USA 97331-4003 and the 3Department of 
Chemistry, Northwestern University, Evanston, IL USA 60201 

Key Words: Coal-Model Compounds, BDEs, Thermochemical Cycle 

Abstract: Incorporation of equilibrium acidities of week 
acids (A-H) and the oxidation potentials of their conjugate 
bases (A‘) in a thermochemical cycle enable accurate 
determination of the effects of substituents on bond 
dissociation energies (BDEs) of the adjacent C-H bonds. 
Substraction of these (BDEs) from the BDE of methane provided 
a measure of the radical stabilization energies (RSEs) for the 
corresponding radicals relative to that of methyl radical. In 
this study, we have examined the effects of sulfur, oxygen, 
nitrogen, aromatic and coal-model structures on RSEs in 
RX(CH.)A, where the acceptor function (A) is phenyl, fluorenyl 
and PhC(0). For the heteroatom substituents with A equal to 
PhC(0). RSEs follow the trend: N > S = 0 ) .  Substitution of 
phenyl group stabilizes the adjacent carbon radical by 10.5 
kcal/mole (referred to hereafter as kcal). Naphthyl, 
phenanthrenyl, and 9-anthracenyl substituents provided less 
stabilization to the radical center than a phenyl group. 
Explanations are given for the difference in stabilities of 
these radicals and of other types of radicals studied. 

Introduction: The effects of electron donors and electron 
acceptors on the stability of an attached carbon radical 
center have been well recognized. The electron donor and 
acceptor groups often stabilize the radical to an extent 
greater than would be expected on the basis of the individual 
contributions of both The terms push-pull 
resonance,5 merostabilization,‘ and captodative’ have been used 
to describe the extra stabilization that results from the 
presence of both donor and acceptor groups. Kinetic data and 
theoretical calculations have been used to support as well as 
deny the existence of substituent effects on radical 
stabilities.g,’n Viehe and his co-workers? have concluded on 
the basis of electron spin resonance data and qualitative 
theoretical interpretation that the effects are always 
synergistic. However, the recent results of theoretical 
calculations by Pasto” cast doubt on the existence of the 
captodative phenomenon and suggest that the effects will vary 
depending on the nature of the donors and acceptors. 

The discrepancies outlined above demonstrate the di5culties 
in obtaining BDEs and in establishing the existence of 
synergistic stabilization that results from the interactions 
between the unpaired electron of the radical and the adjacent 
substituents. The measurement of homolytic bond dissociation 
energies have been proven to be di5cult”*” even in the 
simplest of molecules.”-’5 
strengths of labile systems are even more scarce. For 
example, the homolytic bond dissociation energies and the 
thermochemistry associated with labile high molecular weight 
hydrocarbons and sulfur-containing organic structures 
important to coal are lacking because these systems are 
inappropriate for the most common gas-phase techniques. 

Recently, we have used an electrochemical method’6-2n to 
estimate BDEs of the acidic H-A bonds in weak acids (eq. 1). 

‘Pacific 

The values of the C-H bond 

BDE = 1.37pKm + 23.1EO,(A-) + 73.3 (1) 

The method requires that the acids be strong enough to allow 
acidity measurements to be made in DMSO solution. 
Equation (1) is based on a thermochemical ~ycle’~,’~ in which 
the factors 1.37 and 23.1 are used to convert pK,., units and 
oxidation potential (eV) units to kcal/mol. The constant 
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73.3, relates the free energies in solution to gas-phase AHo 
values, and is made up of the free energies of formation (AG",)  
and solvation (AGna)  of the hydrogen atom, the free energy of 
proton transfer (AG',)  from water to DMSO, and TASO for the 
reaction of RH - - - >  R. + H.. The oxidation potential values 
of the conjugate bases ( A - )  are obtained from cyclic 
voltammetric measurements in dilute DMSO relative to 
ferrocene/ferrocenium ion. This electrochemical method is 
very powerful as it provides BDEs for large numbers of 
compounds that otherwise would be difficult or impossible to 
obtain. Also, the effects of electron donor (D) and acceptor 
(A) groups attached to a radical center can now be accurately 
determined. The experimental conditions used are very mildI6, 
so that the BDEs of acidic C-H bonds of thermally labile 
molecules can be easily estimated. 

In this paper we have obtained quantitative experimental 
estimates of the size of radical stabilization energies (RSEs) 
of radicals of the type D- (CH. )-A and D,- (C. ) -A from the 
homolytic bond dissociation energies of the C-H bonds in 
a-substituted acetophenones by using eq. 1. These BDEs 
provide good estimates of the RSEs, relative to the stability 
of the methyl radical (BDE of C-H in CH, is 105 kcal) ." For 
example, the BDEs of the acidic C-H bond in PhCOCH,Me and 
PhCOCH,OMe are 8 8  and 81 kcal respectively, and that of the 
acidic C-H bond in acetophenone is 93 kcal. Therefore, the 
RSE of the PhCOCH,(.) radical is estimated to be 12 kcal, and 
the RSEs estimated for PhCOCH(.)Me and PhCOCH(.)OMe radicals 
are 17 and 2 4  kcal respectively. This means that the presence 
of the methyl and methoxy groups has increased the stability 
of the PhCOCH,(.) radical by 5 and 12 kcal respectively. We 
have also examined the effects of aromatics, sulfur and other 
heteroatoms on the donor-CH-acceptor type radicals and have 
found that, for sulfur functions, the RSEs increased 
progressively as the acceptors changed along the series: Ph, 
fluorene and PhCO. Most of the polyaromatic substituents were 
studied with the acceptor being PhCO. The RSE reached the 
minimum when the a-substituent was 9-anthracenyl system, 
presumably due to the large steric inhibition. 

Results and Discussion: The radical stabilization energies 
(RSEs)'l of carbon-centered radicals attached to sulfur, oxygen 
and nitrogen groups are presented in Table I. Our study of 
the effects of heteroatom substitution on homolytic bond 
dissociation energies provides new bond strengths and new 
insights into structural features controlling stabilization 
energies. 

RSEs for PhCH(.)-SPh. Examination of the data in Table I 
(entry 2) shows that the BDE of the acidic C-H in PhCH,-SPh is 
8 4  kcal. This value was estimated by the combination of the 
pK, of PhCH,-SPh and the E,, of the conjugate base using eq. 1. 
Comparison with the known BDE value for toluene ( 8 8 ) ,  leads to 
4 kcal extra stabilization relative to the PhCH,(.), or 2 1  
kcal compared to the CH,(.) radical.,, The sum of the RSEs for 
the PhSCH,(.) radical ( 1 2  kcal, 105 -93) and PhCH,(.) radical 
(17 kcal, 105 - 8 8 )  is 8 kcal larger than the RSE of PhCH(.)- 
SPh (29 vs. 21 respectively). 

RSE f o r  9-PhS-F1(.). Entry 5 of table I shows that the PhS 
group has a larger radical-stabilizing effect (2 extra kcal) \ 
on the fluorenyl radical (F1.) than on the benzyl radical 
(compare entries 2 and 5). It is surprising to observe such 
behavior since F1. is supposed to be stabilized more than \ 
benzyl radical by delocalization. Because of this inherent 
stabilization of F1. radical, one would expect that the 
stabilizing power of the sulfur atom be less in the fluorenyl 1 

system than in the benzyl system.,' The extra stabilization of < 
the PhS-substituted F1. may be explained by virtue of 
contributor I. 

9-PhS"-F1 ( - )  i 9-PhS-F1(.) < - - - - - - - - >  
(1) 

RSEs for  PhS-CH(.)COPh: The BDE of the C-H bond in 
PhS-CH,COPh is 81.5 kcal. The RSE for the corresponding 
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radical is 23.5 kcal relative to CH,(.) radical. The value of 
23.5 kcal is 0.5 kcal lower than the combined RSEs for 
PhSCH,(.) and (.)CH,COPh radicals (24 kcal, 12 + 12). Table I 
shows Clearly that RSES for sulfur containing radicals 
increase progressively as the acceptors change along the 
series: Ph, fluorene (Fl), and COPh with the latter being the 
most stabilizing acceptor (12 kcal relative to acetophenone). 
The special electronic effects of the carbonyl in combination 
with the sulfur substituents is probably due to the 
conjugative and electrostatic interactions between the 
negatively charged oxygen and the positively charged sulfur 
(11). However, the RSEs of PhSCH(.)-A radicals are always 
smaller than the sum of the RSEs estimated from the individual 
radicals (PhSCH, ( .  ) and (. ) CH,-A) . 

-e. 
PhSCH(-)-COPh - - - - - - >  PhSCH(.)COPh e---> PhS"CH = CO(-)Ph 

(11) 

The effect of a second PhS substitution into already doubly 
substituted methane (entries 3, and 9) is negligible. The 
small decrease in BDE compares well with the third phenyl 
substitution into methane (ABDE = 1 kcal) and is probably due 
to a large steric effect. 11.16 

Also from Table I, it is evident that the alkyl or aryl groups 
attached to the sulfur are not exerting any appreciable 
effects on the radical center connected to the sulfur atom 
(compare entries 5 & 6, and 8 & 10). The sulfur atom appears 
to act as an insulator thereby preventing the conjugation 
between the radical center and the group attached to the 
sulfur donor. 

RSEs for MeO-CH(. )COPh and c-C,H,,NCH(. )COPh: The acidic C-H 
bonds in MeOCH,COPh and c-C,H,,NCH,COPh are 81 and 72 kcal 
respectively, giving RSEs of 24 and 33 kcal (Table I, entry 11 
and 12). The RSEs for the corresponding radicals are equal to 
the sum of the RSEs of the individual radicals, indicating the 
apparent absence of synergism in the systems studied. 

a-Substituent effects on BDEs of the u-C-H bond in 
acetophenone: In table I we saw that the introduction of 
phenylthio group into the a-position of acetophenone causes a 
11.5 kcal increase in RSE of PhCOCH,(.) radical. However, in 
table I1 (entries 2-6) we see that the introduction of a 
phenyl, naphthyl, phenanthrenyl, or anthracenyl substituent 
causes a smaller increase in RSE. The 9-anthracenyl 
substituent (entry 7) gave the smallest increase probably 
because of the greater steric and stereoelectronic demands of 
the 9-anthracenyl than the PhS and the other aryl groups. 
Furthermore, the role of a polar contributor must be larger 
for the PhS to show greater ability than the aryl groups in 
stabilizing the phenylacetyl radical. For example, 
contributor (111) dominates over contributor (IV) due to the 
electrostatic interaction between the sulfur and the oxygen 
atoms. The Ph group is less effective in this delocalization 
because contributor (IV) is higher in energy due to the loss 
of aromaticity of the phenyl ring. Substitution of an 
a-hydrogen in acetophenone by a pyrenyl group lowers the BDE 
of the a-C-H bond by 12.5 kcal (entry 8 ) .  This increase in 
RSE, compared to the other aromatic systems, is attributed to 
the delocalization of the unpaired electron into the larger 
pyrenyl moiety, an effect comparable in magnitude to that of 
aryl methyl radicals. 24 

PhS-CH(. ) -COPh e-------> PhS'--CH = CO(-) Ph 
(111) 

(IV) , 
Ph-CH(- ) -COPh e-------> Ph"-CH = C O ( - )  Ph 

Remote substituent effects on BDEs of the a-C-H bond in 
ketones: The BDEs of acetone, acetophenone, p-methyl-, 
p-methoxy-, p-cyano-acetophenone are also presented in 
table 11. Examination of entries 9-13 show that remote 
electron donating and electron accepting groups make the 
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ketone less or more acidic, but have no effect on BDE's of the 
a-C-H bonds. The changes in acidities of the ketones are 
offset in eq.1 by shifts of E,,(A-) to less or more positive 
potentials. The result is no change in BDE. This observation 
indicates that the remote substituent is not interacting 
directly with the incipient radical to provide additional 
stabilization. 

Chromium tricarbonyl effect on BDE of the a-C-H bond in 
phenylacetophenone: We have shown so far the effectiveness of 
eq.1 in estimating the BDEs of the acidic a-C-H bonds in 
substituted acetophenones. We now extend our studies to 
chromium tricarbonyl complex of a-phenylacetophenone. The 
a-coordination of Cr(CO), to benzene ring attached to the 
a-position is conclusive based on the NMR data. Our objective 
here is to obtain the first quantitative information 
concerning the effect of transition metal complexes on the PKAH 
values and BDEs of the acidic C-H bonds. Entry 14 of table I1 
shows that Cr(CO), group increases the acidity of the a-C-H 
bond by 4.7 pK units (6.3 kcal; compare entries 2 & 14). This 
large increase is probably due to the field and inductive 
effects of the three carbonyl groups attached to the chromium 
atom. Similar acidity effects were observed when Cr(CO), was 
a-coordinated to benzoic and phenylacetic acids.25 The 
oxidation potential of the complex anion is less negative than 
that of the parent compound giving once again no net change in 
BDE . 
Conclusion: Homolytic bond dissociation energies in DMSO for 
a-C-H bonds in aryl, sulfur-, oxygec-, and nitrogen-containing 
compounds have been measured using pKm and E,,(A-) data in eq 
1. In every case, the radical stabilization energies (RSEs) 
of RXCH(.)-A are always equal or smaller than the sum of RSEs 
of the two radicals. The increase in RSEs for sulfur group 
along the series: Ph, F1, and COPh, is in correspondence with 
the ability of the acceptor to stabilize the negative charge 
on carbon for contributor of the type PhS*'-CH = CO(-)Ph. 
Remote electron withdrawing, electron accepting and Cr(CO), 
groups have little or no effects on BDEs of the acidic (Y-C-H 
bonds indicating that these groups do not interact directly 
with the unpaired electron situated on the carbon radical 
center. 
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1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 

PhCH,-H 
PhCH,- SPh 
PhCH(SPH) , 
H-FL-H 
9 -PhS-FL-H 
9-MeS-FL-H 
H- CH,COPh 
PhS - CH,COPh 
(PhS) ,-CHCOPh 
PrS-CH,COPh 
MeO-CH,COPh 
c-C5Hl0NCH2COPh 

30.8 
23.0 
22.6 
15.1 
18.0 
24.7 
17.1 
12.0 
19.9 
22.9 
23.5 

-1.353 
-1.000 
-1.064 
-0.860 
-1,015 
-0.607 
- 0 . 6 6 0  
-0.370 
-0.850 
-1.030 
-1.439 

8 8d 
84 
82 
80 
74= 
74.5 
93 
81. 5f 
81 
81 
81 
72 

0.0 
4 
6 
0.0 
6 
5.5 
0.0 
11.5 
12 
12 
12 
21 

3 I 

aMeasured in DMSO against two indicators. volts; 
irreversible oxidation potentials (E,) measured in DMSO by 
cyclic voltammetry and referenced to the ferrocene/ferrocenium 
couple. Talculated(in kcal/mol)using eq 1. dRadical 
stabilization energy(RSE = 17 kcal/mol)relative to CH,-H(BDE = 
105 kcal/mol). 'Relative to H-FL-H(BDE = 80 kcal). fRelative 
to PhCOCH,-H(BDE = 93 kcal) . 'RSE = ABDE. 
____-___-_--_-__________________________---------------------- __________________--____________________-----------------_---- 

T a b l e  11. Acidities and Bond Dissociation Energies (BDEs) for 
the a-C-H Bonds in Ketones. 

Entry Substrates PKHA" E,(A-)~ BDE' RSEf 
____-_-__-___-__-_______________________------_----------- - _ _  _____-__-__---_-_--_____________________--------------_---=--- 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1. PhCOCH, 24.7 -0.607 93 0.0 
82.5 10.5 

3. PhCOCH,Naph-1 17.6 -0.626 83 10.0 
4. PhCOCH,Phen-3 17.2 -0.576 83.5 9.5 
5. PhCOCH,Phen-9 17.5 -0.597 83.5 9.5 
6. PhCOCH,Anth-1 17.2 -0.625 82.5 10.5 
7. PhCOCHpnth-9 18.9 -0.635 84.5 8.5 
8. PhCOCH,PY- 1 15.7 -0.618 80.5 12.5 

9. CH,COCH, 26.5 -0.674 94 0.0 
10. PhCOCH, 24.7 -0.607 936 1.0 
11. p-MePhCOCH, 25.0 -0.597 94 0.0 
12. p-MeOPhCOCH, 25.7 -0.657 93 1.0 
13. P-CNPhCOCH, 22.0 -0.436 93 1.0 

2. PhCOCH,Ph 17.7 -0.650 

_ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - ~ - - - - - - ~ - ~ - ~ - -  

14. PhCOCH,Ph 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
For a ,  ', and 'See footnotes in table I. dRelative to acetone 
(BDE = 94 kcal). eRelative to PhCOCH,-H(BDE = 93 kcal) . 
fRadical stabilization energy (RSE).21 

82.5 10.5 trcr (CO) , 13.1 -0.377 
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INTRODUCTION 
We have recently developed a method for studying the reactions of hydrogen atoms in solution. 
The hydrogen atoms are. generated in a flow system at 3 torr by a microwave discharge (2540- 
MHz) to produce a plasma of H2 and He or H2 alone (see Fig. 1). 

gauge 1 

orgamc substrate 

Fig. 1. Diagram of the Apparatus Used for the Generation of Atomic Hydrogen 

The discharge gases are passed over a stirred solution of the substrate. Reactions take place and 
produce thermolyzed intermediates. The correlation of the products produced from these 
intermediates with the structure of the reactants yields fundamental and potentially useful 
information. 

The reactions are efficient and surprisingly selective. Qualitatively the reaction rates follow the 
order: 

disulfides > sulfides > olefins > aromatics > alkanes 

Reactions with Olefins - Hydrogen or deuterium atoms produced from hydrogen or molecular 
deuterium in the cavity of a microwave generator were allowed to react with two olefins: 1- 
Octene and 1-methylcyclohexene. A detailed mechanism for the formation of the products, both 
monomers and dimers, was determined. The addition reactions were regioselective. >99% 
addition to the terminal carbon of 1-octene and ~ 9 9 %  to the secondary carbon of 1- 
methylcyclohexene. No products from allylic absuaction were detected. The product ratios for 
the addition of deuterium and protium were the same, see Tables 1 and 2. 

[Table 1 and 21 

The disproportionation to combination ratios &/kc) of the I-methylheptyl and 1- 
methylcyclohexyl radicals were determined at several temperatures. The extrapolated ratios 
were found to be in good agreement with the literature values reprted for reactions studied at 
room temperature. 

The 1-methyl-5-hexenyl radical formed by the addition of a hydrogen atom to the terminal 
position of 1.6-heptadiene led to a complex mixture of products resulting from open chain and 
cyclized radicals, see Table 3. 

[Table 31 

The cyclized radicals were formed reversibly and the final product mixture contained only minor 
amounts of cis- 1,2-dimethylcyclopentane (the product of kinetic control) while the major 
cyclized product was methylcyclohexane. Although an equilibrium mixture could not be 
obtained the dimethylcyclopentyl and 3-methylcyclohexyl radicals were shown to be formed 
reversibly, see Scheme 1. 
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wum- 1,2-dimethylcyclopente 

t 

(ii) 

cis-l,2-dimethylcyclopente open chain &membered ring 
products products 

Schemel 

Reactions with Sulfides and Disulfides - The reactions of hydrogen atoms with a series of 
unsymmemc disulfides were carried out The regioselectivities and mechanisms of the reactions 
were investigated. The primary products of the reactions are thiol and thiyl radicals. The 
symmetric disulfides in the product mixtures were formed at -78OC by radical combination 
reactions, and not by radical displacements on the unsymmemc disulfides. The displacement, 
which favors attack of hydrogen on the least hindered sulfur is proposed to involve a metastable 
trivalent sulfur intermediate. The reactions of hydrogen atoms with a series of unsymmemc 
sulfides were carried out. A mechanism was proposed in which atomic hydrogen adds to the 
sulfur and forms an intermediate. The cleavage of the intermediate favors the most stable 
radical. 

Reactions with Arenesz - When hydrogenation atom promoted sidechain fragmentation of 
arenes was investigated it was concluded that addition to the aromatic ring was reversible but 
that when ipso-attack occurs alkyl radical fragmentation may take place. Saturation of the ring is 
competitive with reversal or sidechain fragmentation. Polymerization of the arenes occurs even 
at 135OC. The model compounds studied were: toluene, bibenzyl, 9-dodecylanthracene and 
dodecylbenzene. 
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Table 1. The products, yields and mechmisms for the reaction of H* with 1-octene (-78°C)a 
Products Yield (%) MechanismC 

D U  17.1 addition-disproportionation . 

D L  26.9 addition-addition 

D- 30.8 addition-disproportionation 

D- 2.8 addition-disproportionation 

"72225 D 

9.1 addition-dispropomonation 

11.8 addition-dimerization 

1.4 addition-radical addition 

a Neat 1-octene. 
b A (1:l) mixture of meso- and d,[-dimers. 
C Monodeuterated alkane/monodeuterated alkene = 1. 
d kd/k, = 2.4 at -78OC. 

Table 2. The products. yields and mechanisms for the reaction of H* with l-methylcyclo- 
hexene (-78'C)a.b 
products Yield (%) Mechanismd 

15.3 

bD 7.9 

bD 39.4 

20.2 

bD 15.3 

1.5 

0.5 

Dtn5D 
O t h d  

addition-disproportionation 

addi tion-disproportionation 

addition-addition 

addition-dispropomonation 

addition-disproportionation 

addition-dimerization 

addition-dimerization 

a Neat 1 -methylcyclohexene. 

C Five dimeric products. 
Monodeuterated alkane/monodeuterated alkene = 1. 

k& = 26.2. 
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Table 3. Reaction of D. with l,&Heptadien&b 
Product % proposed Mechanismc 

12.5 

26.3 

8.7 

11.4 

6.0 

5.3 

3.9 

7.0 

5.8 

13.1 

D atom addition - disproportionation 

D atom addition - disproportionation 

D atom addition - D atom addition 

D atom addition - disproportionation 

D atom addition - cyclization - D atom addition 

D atom addition - cyclization - disproportionation 

D atom addition - cyclization - disproportionation 

D atom addition - cyclization - D atom addition 

D atom addition - cyclization - disproportionation 

D atom addition - combination 

a Concentration in acetone (0.16 M). 
b Conversion = 3.1%. 
C Pdp5 = 1.46 (six membered rindfive membered ring products); monodeuterated 

akanehonodeuterated alkene; k& = 2.3 (-78°C). 
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Absfrucf When inserted into appropriate thermochemical cycles, redox data have proven 
invaluable in the studies of heterolytic and homolytic bond strengths. Judicious use of 
microelectrode-based cyclic voltammehy also enables determinations of the rates of degradation for 
several classes of solution phase reactive intermediates. Described in this paper are (a) new bond 
strength results from our group that shed light on the effects of &substituents on the 
thermodynamic stabilities of various carbon- and nitrogen- centered radicals; and (b) recent 
evaluations of second-order rate constants for dimerization reactions of electrochemically-generated 
carbon-centered radicals. 

Introduction 

It has been shown that insertion of selected acid-basel and redox data into thermochemical 
cycles* (as in eq 13) results in accurate (&I-2 kcal/rnol) determinations of relative and absolute 

AG",,,,(R-H) = 1.36pKJR-H) + 23. IIENHE(R-/R*)] + 57.2 kcaVmol (1) 

free energies of homolysis3 [AGhom(R-H)] for several classes of reactions4 For example, we 
have shown that the C-H homolytic bond dissocation energies for phenalene (1) and its isomeric 

H 

1 2 

analogue fluorene (2) are 65 and 80 kcal/mol, respectively.5 These data are of interest due to the 
persistence of the planar phenalenyl radical, as well as the continuing interest in polycyclic aromatic 
chemishy. 

radical stabilization was provided from studies of the effects of electron-withdrawing and electron- 
donating moieties on WC-H anthrylmethyl homolytic bond strengths, for the substituted 
anthracenes (3) depicted below. Specifically, while the singular presence of G=CN, or G'=PhO, 

In other published work, evidence for the importance of charge separation as it pertains to 

G: G" 
C' 

G 
3 

G 

weakens the indicated (*) bond by ca. 1.5 and 3 kcaljmol, respectively, the simultaneous presence 
of these substituents weakens the same bond by ca. 9 kcaljrnol.6 These results provided support 
for the idea that appropriately substituted solution-phase radicals can be stabilized via 
delocalization of the unpaired electron even when that delocalization results in some charge 
separation.6 
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Results and Discussion 

, 
J 

N-H Bond Strengths 
In light of the importance of nitrogen in the chemistry of coal, we have therefore 

endeavored to collect the pKa (R-H) and ENHE(R-/R.) data that enable determination of the 
AGhom(R-H) values for several variously substituted perimidines (4), a nitrogen analogue of 

G 

4 5 

phenalene, as well as several diphenylamine analogues (5). The bond strengths for 4 shed 
important light on the effects of 8-substituents on N-H bond strengths, while the analogous data 
for 5 provide new insights into the effects of aryl substituents on N-H bond smngths. The acidity 
and bond strength data are listed in Tables I and n. 
that 8-substituents have relatively large effects on N-H equilibrium acidities. For example, 2- 
methylperimidine @Ka=17.2) is ca. 8 kcal/mol less acidic than 2-chloroperimidine @Ka=l 1.4). 
The magnitude of the acidifying effects of the &substituents is surprising since there we are not 
aware of the existence of resonance conmbuting structures in which formal negative charge is 
present on the sp2-hybridized #2carbon atom. It is also of interest to compare the C-H pKa for 
phenalene (18.25) with the N-H pKa for perimidine (16.2). The 2 pK unit greater acidity of the 
nitrogen analogue is not surprising in light of the pKis for fluorene (22.6) and carbazole (19.9),1 
and is readily explained by the greater electronegativity of nitrogen, compared to carbon. 

Examination of the AGhom(T-H) data for the substituted penmidines reveals that the sub- 
stituent effects on homolytic bond smngths are substantially smaller (by a factor of three) than the 
substituent-induced variation in the pKis for the same species. These results are consistent with 
a hypotheses which states that inductive (de)stabilizing effects of substituents on radical stabilities 
are small, compared to the resonance effects of those same substituents. The AGhom(R-H) value 
for carbazole (88 kcaI/m~l)~, when compared to the AGhom(R-H) value for perimidine (75 
kcal/mol), is reasonable in light of the AGobm(R-H) values for fluorene and phenalene (76 and 61 
kcal/mol, respectively). Both sets of data are consistent with the notion that N-H bonds are 
generally stronger, in a homolytic sense, than C-H bonds found in structurally similar species. 

Inspection of the pK, and 
AG'hom(R-H) data in Table II reveals that substituents that weaken N-H bonds in 5 in an acid- 
base sense (i.e. electron-withdrawing substituents such as 4-nitr0.4cyan0, and 3-chloro) streng- 
then the same N-H bonds in a free radical (is. homolytic) sense. Although the pKa results are 
readily understood and indicative of planarity in the diphenylamine nitranion (Hammett treatment of 
the data yields a linear plot with a p value of 2.6, r=0.99),8 the AG'bm(R-H) values are perhaps 
best rationalized by noting the electrondeficient nature of the nitrogen-centered radicals. 

In an effort to comprehend the AG"hom(R-H) values for 5, it is instructive to compare the 
AGhom(I-H) data in Table n with AGbm@-H) data for (4-nitropheny1)phenylamine; (4- 
cyanopheny1)phenylamine; (3-chlorophenyl)phenylamine; diphenylamine; (4-methylpheny1)- 
phenylamine; and (4-methoxypheny1)phenylamine (87.7 85.84.7 83.7 83.7 and 827 kcal/mol, 
respectively). Here too the acidifying electron-withdrawing substituents appear to strengthen the 
diphenylamine N-H bond in a homolytic sense. The results therefore suggest that nitranion- 
stabilizing substituents act to destabilize nitrogen-centered radicals. For both sets of 
AGhOm(R-H) data, a complex interplay of resonance and inductive effects must be considered. 
Therefore, we are currently investigating the N-H bond strengths for several additional 
diphenylamines, including ten different nitrodiphenylamines, in an attempt to gain additional 
understanding of these phenomena. 

C-H Bond Strengths 
The previous section described results which indicate that more data are needed r e g d i n g  

resonance and inductive effects as they pertain tn homolytic bond strengths and radical stabilities. 
In an effort to separate resonance and inductive effects, we have synthesized and evaluated the 

&Effects on N-H Bond Strengths Inspection of the acidity data in Table I reveals 

Remote Substituent Effects on N-H Bond Strengths 
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bond cleavage chemistry for 9-(aimethylsilylmethyl)fluorene (6) and 9-(cyanomethyl)fluorene (7). 

6 7 8 

The relevant pKa and AG,,,,,,,(R-H) data for 6 and 7, along with similar data for 9- 
methylfluorene (8), are listed in Table III. 

Inspection of the data in Table III reveals that the 8-aimethylsilyl and 8-cyano substituents 
both acidify 9-methylfluorene. These results are consistent with the notion of an enhanced electron 
accepting ability for silicon atoms9 and cyano moieties (relative to hydrogen). On the other hand, 
comparison of the AG'hom(R-H) data for 6,7, and 8 reveals that the electron-withdrawing B- 
cyano substituent strengthens the MC-H bond in fluorene by ca. 2 kcaUmol, while the 8- 
uimethylsilyl substituent appears to weaken the same bond by about 3 kcal/mol. In other work, 
we have shown that the 8-himethylsilylmethyI and 8-cyano substituents have somewhat similar 
effects on fluorenium cation stabilities.'" Specifically, E-trimethylsilylmethyl weakens the 
HC-H bond, in a heterolytic cation-hydride forming sense, by 8 kcaVmol (relative to hydrogen), 
while 8-cyano strengthens the same bond by 3 kcaVmol.lh It appears, then, that the inductive 
and/or hyperconjugative effects of these two 8-substituents on radical stabilities is similar to their 
effects on carbocation stabilities, in suggesting that (1) electron-withdrawing inductive effects 
destabilize carbon-centered radicals; and (2) electron-donating hyperconjugative effects stabilize 
carbon-centered radicals. These results provide additional evidence for rationalizing much of the 
chemistry of carbon-centered radicals as if they were electrondeficient species. We are currently 
examining several other 8-substituted organic molecules in an effort to better understand these 
results. 

Kinetics of Radical Dimerizations 
A limitation of bond strength data obtained from thermochemical cycles that utilize 

irreversible redox potentials is that the peak potentials are not truly thermodynamic. This fact 
introduces some degree of uncertainty in bond strengths obtained using irreversible data. That the 
irreversible peak potentials (obtained at scan rates of 0.1 V/s) for various nihanion oxidations were 
nearly equal to the reversible EIn values (obtained at scan rates of 1,000 V/s) for the same 
oxidations provided some evidence for the viability of irreversible potentials when used 
judiciously.lob In addition, data obtained using the FSCV technique can be used to derive rate 
constants for the chemical reactions that follow the initial electrochemical reaction. 

pheny1)fluorenide anion. Examination of Fig 1 reveals that the carbanion oxidation is fully 
reversible at 1,000 V/s scan rates, but essentially ireversible at 0.1 V/s scan rates. Use of the 
equations developed by Nicholson and S h a d 1  enables evaluation of the velocity of the reaction 
that removes the electrochemically generated radical from solution (via a second-order reaction) 
prior to its reduction on the reverse scan. With a microelectrodequipped apparatus, second-order 
rates as high as lo8 M - k l  are accessibile. Listed in Table N are rates determined in this way for 
the second order reactions of variously substituted fluorenyl radicals that have been generated 
anodically at a platinum working electrode. 

IV reveals that the tertiary 9-methylfluorenyl radical dimerized2 at the same rate as the 9- 
cyanofluorenyl and 9-phenylfluorenyl radicals, since the uncertainty in the rates listed in Table IV 
is estimated to be ca. *IO%. Significantly, none of these species dimerizes at the diffusion-limited 
rate. in DMSO (estimated at 2 x lo9 M-ls-I). It is likely that solvation effects and solvent 
reorganization plays some role in the slight rate retardation. 

Comparison of the k2 values for 9-rerr-butylfluorenyl and 9-methylfluorenyl radicals (5 x 
lo5 and 3 x lo7, respectively) provides direct evidence for the importance of steric effects on 
radical persistence. Evidently, the sterically demanding 9-rerf-butyl group slows the dimerization 
rate by abut two powers of ten (compared to 9-methyl), despite the fact that the homolytic bond 
strength data for these two species indicates that the 9-rerr-butylfluorenyl radical is about 4 
kcal/mol less stable than the 9-methymuorenyl radical. 

For example, shown in Fig 1 are two CV traces for the oxidation of the 9-(2-methyl- 

Steric Effects on Radical Dimerizations Examination of the rate data listed in Table 

Furthermore, molecular models as well as bond strength data for 9-phenylfluorene, 9-(2- 
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methylphenyl)fluorene, and 9-mesitylfluorene [AGG'ho,(T-H)=70, 71, and 72 kcal/mol, 
respectively1 suggest that the presence of ortho methyl groups on the Wphenyl moiety causes the 
phenyl ring in 9-phenylfluorenyl radicals to twist out of the plane of the fluorene. Kinetic evidence 
for thn assertion is provided in Table IV, since the % values for 9-phenylfluorenyl. 9-(2- 
methYlphenyl)fluorenyl, and 9-mesitylfluorenyl radicals are 1 x lo7, 8 x lo3, and 1 M-ls-', 
respectively). These results (Le. solution-phase dimerization rates for delocalized fluorenyl 
radicals) are the frst of their kind, and provide additional evidence for the notion that radical 
persistence is largely a kinetic phenomenon that is usually associated with steric hindrance in the 
immediate vicinity of the unpaired electron. We are continuing studies of the kinetics of 
dimerization reactions of delocalized carbon-centered radicals, and have also embarked on similar 
evaluations of the dimerization reactions of delocalized nitrogen-centered radicals. 

Experimental Section 
DMSO was purified, potassium dimsylate was s nthesized, and the pK, and redox 

described in Reference loa. Substrates synthesized as described in references 6.8, and 10. The 
PMV device was using specifications described by Griller et a l . I4  Reference 12 (submitted to J. 
Org. Chem.) contains experimental details of the FSCV device. 
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experiments were carried out as described previously5. B ,Io AWh0,(R-H) values calculated as 
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production and isolation of substantial quantities of the head-to-head 9-methylfluorene 
dimer. NMR and mass spectral evidence was used to c o n f m  the existence of the 9- 
methylfluorene dimer. Reference 11 contains detailed discussions of the protocol used to 
verify that the electrochemically-generated product degrades via a second-order process. 
While product analyses were no? carried out for the balance of the reactions in Table IV, the 
data are clear in their indication that the electrochemically-generated fluorenyl radicals are 
degrading in a reaction that is second-order in fluorenyl radical.l3 
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Table I. Dimethyl Sulfoxide (DMSO) Acidity @K, and ApK,) and Homolytic Bond Strength 
[(AG",,,,(R-H) and MG'ho,(R-H)] Values for 2-Substituted Perimidines (4). 

Submate pKa ApK, AG'hom(R-H) AAG'hom(R-H) 
(kcdmol) (kcdmol) (kcaVmol) 

~ 

2-methylpenmidine 
perimidine 
2-phenylperi1nidine 
2-thiometh ylperimidine 
2chloroperimidine 

17.2 +1.4 75 
16.2 (0) 75 
14.7 -2.0 73  
13.3 -4.0 72 
11.4 -6.6 73  

0 
(0) 
-2 
-3 
-2 

Table II. Dimethyl Sulfoxide (DMSO) Acidity (pKa and ApK,) and Homolytic Bond Strength 
[(AG,,,(R-H) and MG",,,(R-H)] Values for Remotely Substituted Diphenylamines (5). 

Substrate 

4-methoxyphenyl-4-cyanophenylamine 
4-methylphenyl-4-cyanophenylamine 
phenyl-4-cyanophenylamine 
3-chlorophenyl-4cyanophenylamine 
bis(4-cyanopheny1)amine 
4-nitrophen yl-4cyanophenylamine 

PKa APKa 
(kcdmol) 

AAGG'hom(R-H) 
(kcaVrnol) 

21.2 +1.1 
20.8 +0.5 
20.4 (0) 
18.9 -2.1 
17.4 -4.1 
15.5 -6.1 

84 
85 
85 
87 
88 
89 

-1 
0 
(0) 

+2 
+3 
+4 

Table III. Dimethyl Sulfoxide (DMSO) Acidity (pK, and ApK,) and Homolytic Bond Strength 
[(AGhom(R-H) and MG'hom(R-H)I Values for Variously Substituted Fluorenes 6.7, and 8. 

Substrate pKa ApKa AG'h,,,,(R-H) AAG'hom(R-H) 
(kcdmol) (kcdmol) (kcaVmol) 

9-(trimethylsilylmethyl)fluorene 21.4 -1.6 69 -3 
9-(cyanomethyl)fluorene 19.9 -3.7 74 +2 
9-methylfluorene 22.6 (0) 72 (0) 

Table IV. Dimethyl Sulfoxide (DMSO) Acidity @K, and ApK,) and Homolytic Bond Strength 
[(AG'hom@-H) and AG'hom(R-H)l Values for Variously Substituted Fluorenes 6,7,  and 8. 

k2 Radical (R.) AG'h,,,,(R-H) MG'h,,(R-H) 
(kcaVmol) (kcaVmol) (M-W) 

9-methylfluorenyl 12 (0) 3 107 

9-phenylfluorenyl 70 -2 1 107 
9-tert-buty lfluorenyl 76 +4 5 105 
9-(2-methylphenyl)fluorenyl 71 -1 a x  103 
9-mesitylfluorenyl 72 0 <1 

c 

71 -1 2 x  107 \ 9-cyanofluorenyl 

< 

1 
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Fig 1. CV traces (at 1000 and 0.1 V/s scan rates) for the anodic oxidation of the 9-(2- 
methylpheny1)fluorenide anion. 

I' 

667 
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INTRODUCTION 

In previous work, reactions of coal model compounds with D, at temperatures to 450 “C and 
pressures of 2000 psi in isolation from metal surfaces were studied. The distribution of 
deuterium in recovered starting materials and products, determined by G U M S  and by ‘H and 
’H NMR allowed identification of‘ viable pathways for hydroliquefaction with increased certainty. 
Studies carried out with 1,2-diphenyIethane (bihenzyl), DPE,‘ various deuterium-labeled 
diphenylethanes,’ 1,2,3,4-tetraphenylbutane,) 2,2,5,5-tetramethyl-3,4-diphenylhexane,’ and 1- 
~4-(2-phenylethyl)benzyl~naphthalene5 model a mechanistic scheme for hydroliquefaction in 
which radicals formed by the homolysis of weak bonds, react with Dz in competition with 
hydrogen-atom abstraction from benzylic sites. The reaction with D, produces deuterium atoms 
which react reversibly at unsubstituted positions in monocyclic aromatic compounds by the 
sequence of eqs 1 and 2. 

R. f D, --> R-D 4- D. (1) 

De + H-Ar --> D-Ar f H. (2) 

where H-Ar represents any aromatic compound. Eq 2 is probahly a two-step process. Reaction 
of D or H atoms at alkyl-substituted positions produces alkyl radicals as  proposed by Vernon.6 
These react relatively unselectively with available H- and D-atom donors. Kinetic chains 
involving D (H) atoms are short because of addition of these species to alkenes and polycyclic 
arenes as well as abstraction of benzylic C-H. The radicals produced in these processes undergo 
termination through disproportionation, reducing overall hydrocracking efficiency. 

In 1986, Buchanan, Poutsma and coworkers demonstrated that the attachment of 1-(4’- 
hydroxyphenyl)-2-phenylethane, DPE-OH, to a silica surface via a carbon-oxygen-silicon linkage 
dramatically changes the distribution of thermolysis products when compared with unattached 
DPE in the absence of H2.’ Large increases in the amounts of rearrangement and cyclization 
products, removed from the surface subsequent to thermolysis, signaled the involvement of 
radicals which were not free to undergo the chain transfer and termination processes typical of 
solution and gas-phase chemistry. Subsequently, Buchanan, Britt and Biggs, for several different 
substrates, showed that H-atom transfer reactions on silica surfaces can be moderated by the 
presence of labile H-atoms in interspersed spacer molecules.’ 

We felt it would he interesting and instructive, concerning possible effects produced by the 
restricted mobility of the coal matrix, to examine the reaction of surface-immobilized substrates 
under hydroliquefaction conditions with Dz. Clearly, in order for the results to he easily 
interpretable, the substrates must not be removed from the surface through the action of D,. 
Earlier temperature-programmed hydropyrolysis experiments suggested that this would not be a 
p r ~ b l e m . ~  

EXPERIMENTAL 

DPE-OH was attached to fumed silica (Cabosil M-5, Cabot Corp.) in the manner prescribed by 
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Buchanan, et. al.’ The sample used for the experiments reported in Tables I and I1 had a surface 
loading of 0.32 or 0.51 mmoles/g. Samples of surface-attached material (500 mg) were placed 
in glass reactors described earlier.’ The substrate was heated under N, or D, pressure in a 
fluidized sand hath. Temperatures reported are corrected by using a thermocouple-containing 
reactor and are measured under H2. Times reported are actual time-in-bath measurements and 
should he shortened hy approximately 5 min to allow for a measured 8 min heat-up period. 
Reaction mixtures were analyzed by vacuum transfer of volatile materials at 2 X 10.’ Torr and 
80 - 100 “C into a liquid nitrogen-cooled trap for 2 h. The contents of the trap were treated with 
a measured amount o f  biphenyl in CH,CI, and the solution analyzed hy gas chromatography on 
a 30 m. 0.25 mm capillary column coated with DB-l at 0.25 pm. Samples were also suhjected 
to GC/MS analysis. After removal of volatile materials, the residual coated silica (I50 - 200 mg 
samples) was hydrolyzed with 30 to 35 mL of 1 N NaOH for 12 to 16 h at 25 “C then treated 
With a measured amount of a standard solution of 4-hydroxyhiphenyl in 0. I N NaOH. The 
hydrolysis mixture was acidified and extracted with CH,CI,. After removal of the solvent, the 
residue was treated with a solution of N,O-bis(trimethylsilyl)trifluoroacetamide containing 
pyridine and trimethylsilyl chloride. The trimethylsilylated material was analyzed by GC and 
GC/MS as described above. Control experiments to document silica-promoted aromatic 
hydrogen exchange were carried out by sealing phenol-& (Aldrich Chemical Co.) with Cabosil 
and any other desired reactants into a m. 7” X IO mm Pyrex tube under argon and heating for 
the desired time. Work up was carried out as described above for N, and D2 reactions. 

RESULTS AND DISCUSSION 

Hydropyrolysis of DPE-OH attached to fumed silica at a coverage of 0.51 mmoles/g (close to 
maximum level) at 410 “c was carried out under both N, and D, at 2000 psi in a glass reactor 
as previously described for the hydropyrolysis of DPE.‘ The reactor design is necessarily 
different from that employed by Buchanan, Britt, and  coworker^'.'.^ in their studies of silica- 
hound DPE-OH which was configured so that volatile products, including small amounts of 
phenol driven from the surface in the early stages of the reaction were continuously removed 
from the reaction zone. In the present study, volatile materials remain in the hot reactor 
throughout the heating period. The product distribution under N, pressure (Table I) is, 
nevertheless, consistent with that previously reported in vacuum with a relatively high yield of 
rearrangement product, HOPhCHMePh (isolated after hydrolysis of silica as its trimethylsilylated 
derivative).’ For comparison purposes, we have carried out the gas-phase thermolysis of DPE- 
OH itself in D, under comparable conditions and found the amount of HOPhCHMePh to he less 
than 0.S mole%. Thus, D, does not diminish the rearrangement reaction under conditions of 
restricted mass transport. 

The most significant effect of D, is the increased yields of hydrocracking products: benzene, 
ethylhenzene (PhEt), phenol (PhOH) and 4-ethylphenol (EtJ’hOH) shown in Table 1. Also, the 
amount of 4’-hydroxystilbene (HOPhCH=CHPh), is reduced under D2. These effects were also 
observed in the hydropyrolysis of free DPE.1.6 

An unanticipated outcome of the surface attachment experiments was the change in deuterium 
distribution pattern. Table 11 summarizes the free DPE-OH data (column 3) and compares them 
to those for silica-attached DPE-OH, DPE-OSI, (columns 1 and 2). In comparing IO min runs 
for attached and free material it is apparent that the preference for deuterium incorporation in 
oxygen-substituted rings has increased substantially for DPE-OSi. This is particularly evident 
in the material with lower surface coverage, column 1. where the D content of oxygen- 
substituted rings is two to three times greater than that of unsubstituted rings. This effect is 
particularly dramatic (a factor of 3 to 6) where the different rings of DPE-OH are compared, 
but is also evident when comparing PhMe with HOPhMe, etc. This selectivity is somewhat 
reduced for high coverage DPE-OSI at 410 “c but is observed for this material as well at lower 

r’ temperature.“ 

In previous experiments with DPE, it was clear that in the presence of thermolysis-produced 

sequence occurs for DPE-OH. Because radical reactions might be expected to be insensitive to 

that when DPE-OH is heated with Dz the unsubstituted and HO-substituted rings contain equal 
numbers of D atoms after reaction. 

We suspected that the most reasonable explanation for selective deuteration of oxygen-substituted 
rings is that the exchange process becomes electrophilic. If, for example, the underivatized 
SiOH groups remaining on the surface were somehow to be converted to SiOD groups it seemed 
possible that, at temperatures of the order of 400 “c, these might catalyze exchange at suitably 

I 

\ 
\ 

radicals, aromatic exchange takes place by eqs 1 and 2. It is reasonable to assume that the same 

ring substituents, particularly at the temperatures involved, it was expected, and indeed found, 

1 

f 

{ 
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reactive ring positions. To test this, we subjected phenol-$ to treatment with silica (Cabosil) at 
400 “c and indeed observed exchange. With excess silica, up to three of the ring D atoms in 
phenol-$ could he replaced by H. Moreover, a mixture of phenol-& and MePhOH heated with 
silica produced MePhOH deuterated at ring positions. The temperature threshold for the 
exchange of phenol-& with silica could he shown to be ahout 140 “C and thus at 400 “C, the 
exchange goes rapidly to an equilibrium distribution. Thus it seemed clear that, were a 
mechanism available to exchange D atoms from D, with SiOH groups on the silica, our results 
could be explained. In support of this scheme, we were able to determine the presence of SiOD 
groups on recovered silica by infrared spectroscopy after removal of volatile products. It is 
important to note that the silica-catalyzed exchange reaction (using phenol-&), in the absence of 
D,, works only for phenolic compounds and not for henzene or even for anisole (methyl phenyl 
ether). 

It seems almost certain, despite the apparently heterolytic nature of the reaction of SiOD with 
PhOH, the exchange of SiOH with D,, moderated by phenolic compounds, must have radical 
components. D, thermolysis of surface-attached PhOH, Ph-OSi, which offers no obvious route 
for radical production, led to some exchange in the recovered PhOH. However, the amount of 
D is small relative to comparable DPE-OSi experiments and, moreover, radical processes must 
contribute even here as evidenced by the formation of trace amounts of benzene with relatively 
high D content. 

We have noted ahove that small amounts of phenolic compounds driven from the surface and 
removed from the reaction zone in vacuum  experiment^"'.^ remain in the reaction vessel under 
the conditions of the present studies. The phenolic species are presumably generated by a 
process analogous to that for dehydroxylation of silica at elevated temperatures (=Si-OAr + 
3 Si-OH + 3 Si-0-Si + HOAr). Moreover, molecules of water absorbed on the surface prior 
to reaction are available to hydrolyze Si-OAr bonds under Dz. Under present conditions, this 
typically leads to 5 to 10% of free phenolic material (based on materials obtained following 
vacuum transfer). 

Stein,” Bockrath,” and others have noted that even though the ArO-H and ArCH,-H bond 
energies are about the same, H abstraction by ArO. radicals is inherently faster. At 170 “C, 
Bockrath” has found that benzyl radicals abstract H atonis from ArO-H roughly 15 times faster 
than from benzylic structures in PhCH,CH,Ph, etc. Given that radicals produced in these 
thermolyses seem likely to be reacting with small amounts of phenolic compounds shown to be 
free of the surface (eq 3), the phenoxy1 radicals produced seem certain to react with Dz to 
produce D atoms by eq 4. 

ArOH + R. --> ArO. (3) 

ArO* + @ --> ArOD + D.  (4) 

D atoms produced in this way could be involved in the usual exchange at aromatic sites (eq 2), 
but could also react with phenols by eq 5. 

D*  + HOAr --> DH + ArO. ( 5 )  

The reactions of eqs 4 and 5 constitute a chain process which results in the conversion of HOAr 
to DOAr. This would presumably also occur in the thermolysis of DPE-OH under D, and, 
therefore, of itself, must not be sufficient to produce selective exchange in 0-substituted rings. 
However, if, in the presence of silica, exchange of 0-substituted rings with DOAr is catalyzed, 
selective D incorporation can be explained. To document the viability of eq 3, we heated DPE 
with phenol-0-d and showed deuterium to tie present in the toluene produced. 

Focussing on the non-oxygen-substituted rings reveals ‘evidence that the free radical chain for 
HID substitution is more efficient for gas-phase species than for surface immobilized molecules. 
Cleavage-produced free molecules, benzene, PhMe, PhEt as well as DPE (presumably formed 
by radical recombination) contain at least twice as much deuterium as the unoxygenated ring in 
recovered DPE-OH suggesting that the latter is a less active participant in the D-atom promoted 
exchange.” Particularly convincing is the lower D content of PhCH,’ fragments from DPE- 
O H  as compared with those from PhEt. As DPE-OH spends most of its time on the surface, 
this argues that D atoms react predominantly with gas-phase substrates. 

SUMMARY 

The important conclusions of this study are: 1. The presence of D, at 2000 psi does not alter the 
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\ tendency of surface-attached radicals to rearrange. 2. Hydrocracking is ohserved for 
hYdroPYrolYSis of surface-attached materials. 3. Radical D/H exchange is more efficient in the 
gas Phase. 4. The reaction of henzylic radicals with phenols has been documented. 5. Phenoxy1 
radicals catalyze exchange hetween D, and SiOH groups on silica which in turn promotes 
exchange at a and ring positions in phenolic compounds. 
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INTRODUCTION 

In our previous study of the reaction of I,2-diphenylethane (bibenzyl), DPE,' and other 
compounds' with D, at temperatures to 450 "C and pressures of 2000 psi in isolation from metal 
surfaces, we were able to provide strong evidence for a mechanistic scheme wherein radicals 
formed by the homolysis of weak bonds, react with D, to give D atoms. These participate in 
short radical-chain processes responsible for hydrocracking and exchange of H for D at 
unsubstituted aromatic positions. In contrast to the simple thermolysis of DPE wherein stilbene 
(PhCH=CHPh), STB, is formed as a major product, the reaction of DPE with D, produces 
relatively small amounts of this compound. Moreover, the mole % of STB among the products 
decreases as conversion increases, indicating that initially produced STB is consumed. It, 
therefore, seemed important to examine the reaction of STB with D,. This study has 
subsequently been extended to other unsaturated compounds and the results are reported below. 

EXPERIMENTAL 

Reaction Procedure. Reactions were carried out as described earlier,' placing the reactants 
along with glass beads for agitation in a glass bulb (u. 12 mL) with a long capillary neck. The 
vessel was then suspended in glass wool in the interior of a stainless steel reaction tube having 
a long neck to house the capillary section of the vessel. The entire apparatus was evacuated, 
pressured with D, gas, closed off and shaken at the desired temperature in a fluidized sand bath. 
Temperatures reported were corrected from bath calibrations using a thermocouple-containing 
reactor and were measured under Hz. Times reported are actual time-in-bath measurements and 
should be shortened by approximately 5 min to allow for a measured 8 min heat-up period. 
When the heating period was complete, carbon disulfide was added and products removed for 
analysis using a long syringe needle. In the absence of gas generation within the tube, our 
observation has been that at least for high concentration runs, an insignificant amount of material 
is lost from the interior of 'the bulb. Control experiments in which a hydrogenation catalyst was 
deliberately added showed complete saturation of aromatic compounds under the reaction 
conditions. Product mixtures were analyzed by gas chromatography (GC) and by gas 
chromatographyhass spectrometry (GCIMS). Products present in substantial quantities were 
separated by preparative gas chromatography and analyzed by 'H and 'H NMR at 400 MHz in 
carbon disulfide. &-Stilbene did not separate from DPE by GC, but was determined from mass 
SgecWdI analysis using calibrating mixtures of these compounds. 

Reactants. Reactants were generally the best quality of commercially-available material. 1 - 
methylstyrene was distilled to remove polymerization inhibitor, Several grades of m - s t i l b e n e  
were tested and, as all contained small amounts of DPE, this compound was synthesized by a 
modified Wittig synthesis to produce DPE-free material.' The synthetic material was a mixture 
of &- and --stilbene, but had no effect on reaction outcome because equilibrium between 
these two isomers was attained early in the reaction period. 

RESULTS AND DISCUSSION 

Table I presents data for reaction of several unsaturated compounds with D, at 2000 psi and 410 
C It will be noted that for the four compounds studied to date, STB; a-methylstyrene 
(Ph(CH,)C=CH,), MS; anthracene, AN; and phenanthrene, PN; all except PN show substantial 
reaction with D, at 410 "C. The reactive compounds produce dihydro products which contain 
D atoms as well as incorporating deuterium themselves. 
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General Mechanistic Considerations. It was demonstrated in our earlier studies that D atoms 
add reversibly to phenyl rings in DPE and its hydrothermolysis products by eqs I and 2. 

D e  + H-Ar --> H. + D-Ar (1) 

H a  + D2 --> H-D + De (2) 

As double bonds, lacking the resonance stability of benzene rings are certain lo at least equally 
reactive toward D atoms, it seems clear that the general process of eq 3 will he important if D 
atoms are present. 

D. i C = C  --> D-C-C. (3) 

The radicals generated in eq 3 would then be expected to either undergo the reaction of eq 4, 
completing a kinetic-chain sequence, or undergo termination either by coupling or 
disproportionation. As coupling would be a reversible process under the conditions of this study, 
it is necessary only to consider disproportionation, eq 5. 

D-C-C. t- D, --> D-C-C-D i De (4) 

2 D-C-C. --> D-C-C-(D or  H) + C=C(D or H) (5 )  

Several alternative mechanisms are possible. For the extreme case in which eqs 3 and 4 are fast 
and irreversible, dihydrocompounds containing exactly two D atoms would be obtained and there 
would be no D in recovered C = C .  Clearly, this situation does not transpire for any of the 
reactions in Table 1. In principle it should be possible to determine the extent to which products 
were formed via eq 5 from the amount of D introduced into recovered C=C. However, the 
analysis is confounded by the fact that aromatic exchange is expected via eqs 1 and 2. Of 
course, it is always possible that radical processes are not involved and that the reaction of C = C  
with Dz would occur by a one-step cycloaddition process. In such a process one might expect 
to see simple second-order kinetics and no introduction of D atoms at sites other than those 
directly involved in the hydrogen transfer. 

Stilbene, STB. The data presented in Table I show that STB is reduced to DPE and a total of 
approximately 2 atoms of D are introduced in the combined products. While it is difficult to 
distinguish aromatic and vinylic D in recovered stilbene, 'H NMR shows 0.37 atoms of aromatic 
D in DPE produced in runs comparable to  those in Table I .  As aromatic sites in STB and DPE 
should have comparable reactivity with D atoms, most of the D in recovered stilbene seems 
likely to be at aromatic sites. Consistent with this, an 'H NMR upper limit for vinyl D in 
stilbene at <0.05 atoms can be established. This suggests that products formed via eq 5 make 
a relatively minor contribution when low concentrations of STB are present. 

A complication for STB is that as DPE is produced it undergoes thermolysis by processes 
detailed earlier.' In fact, under conditions only slightly more vigorous than those of Table 1, 
stilbene can be completely converted to a mixture of DPE and its hydrothermolysis products with 
very high D content (average of 8.6 atoms of D in DPE). It seems likely that once DPE is 
produced in the reaction mixture, radicals produced in its thermolysis constitute the major 
initiating species a reaction with D, followed by the sequence of eqs 3 and 4. The question 
of how the process is initiated in the absence of all radical producing species is difficult to 
answer. The third entry of Table 1 shows that DPE is produced even when synihetic STB (free 
of DPE to detection limits) is employed. 

Despite the complexities discussed, the strong concentration dependence of the reaction suggesb 
that chains of moderate length are operative at low concentration. At low concentrations, we 
suggest that the predominant pathway for the reaction of STB with D, involves the sequence of 
eqs 3 and 4 plus some reaction with H atoms when these are generated by eq 1 .  When the initial 
concentration is increased, the efficiency of conversion to DPE is reduced by higher radical 
concentrations which increase competition by eq 5 .  

a-Methylstyrene, MS. On comparab~e treatment with D,, MS produces cumene. However 
the D content is less than observed for DPE from STB and decreases with increasing 
concentration of MS. For the higher concentration runs of Table I ,  the D atom content of 
cumene plus MS is close to 1 atom per equivalent of cumene formed. This is different from 
STB and A N  for which two or more atoms of D are incorporated. This lower D incorporation 
suggests chain transfer involving MS as shown in eq 6 forming mondeuterated cumene and the 
2-phenylallyl radical. It will be noted that for STB and AN, the substrate is unlikely to act as 
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an H-atom donor 

I 

i 

Ph(CH,)(CH,D)C. + Ph(CH,)C=CH, -- > Ph(CH,)(CH,D)C-H + Ph(HzC=)C-CHz* 
(6) 

It seems likely that the 2-phenylallyl radical thus formed reacts with M S  to give higher molecular 
weight products as these are found in nearly equal amount to cumene and increase with 
increasing concentration of MS as might he expected. It will he noted that this substrate is the 
only one studied for which conversion increases with amount used. 

Earlier study of the thermolysis of hicumyl (Ph(CH,)2C-C(CH3),Ph) under D2 has shown that 
cumyl radicals (Ph(CH,),C e) are relatively reluctant participants in the reaction of eq 4.' This 
heing the case, it might he expected that eq 5 is the major route to product formation. However, 
such a scheme should lead to more D in recovered MS than observed. Perhaps hecause of the 
higher temperature and lower radical concentrations here, as contrasted with the hicumyl 
experiments, eq 4 hecomes more competitive. 

In contrast to the case of SB, the hydrogenation product from MS (cumene) would not seem to 
he capahle of serving as an initiator, thus requiring some different type of initiation step. We 
suggest the reaction of eq 7 in which two molecules of MS undergo a "molecular 
disproportionation" reaction to give the 2-phenylallyl radical (Ph(H,C=)C-CH, 3 and a cumyl 
radical. 

2 Ph(CH,)C=CH, --> Ph(HzC=)C-CHz* + Ph(CH,)zC. (7) 

The cumene formed h eq 6 would he monodeuterated hut, to the extent that eq 6 was a viahle 
path for the cumyl radical formed in eq 7, some of the cumene would he produced without 
deuterium. Significantly, the predominant cumene isotopomer is d, in the 50 mg run hut & in 
the 300 rng run. 

Anthracene, AN. Under the same conditions, AN reacts with D, to give dihydroanthracene, 
ANH, (taken to include ANHD, AND,, etc.). This reaction has heen reported earlier with H, 
at 430 "C in methylnaphthalene solvent.' The total amount of D incorporated in AN plus ANH, 
was to 2.1 to 2.6 atoms of D per equivalent of ANH, produced. This reaction shows no 
significant concentration dependence and, therefore seems unlikely to he a kinetic chain process. 
The mechanism prohable for the preceding systems in which D atoms add to AN to form adduct 
radicals, AND., and these disproportionate as shown in eq 8 is one possibility. 

2 A N D -  --> AN + ANHD (or AN-d, + ANHI) (8) 

If this mechanism is correct, it is necessary to account for the initial production of D atoms. 
Coupling of two AN molecules as reported by Stein' is a possibility. The reaction of eq 8 is 
known to he reversihle' so that once ANH, and its isotopomers are formed, exchange of H and 
D atoms would he rapid and, moreover, this will occur h a radical mechanism. The question 
which remains is whether the adduct radicals (ANH and AND a) are sufficiently reactive to 
remove D atoms from D,. While further experiments will he required to answer this question 
definitively, it is significant that 'H NMR studies show that there is very little aromatic D in 
ANH,. Also the D atoms in recovered AN are located to > 80% (detection limit) in the 9, IO- 
positions. A mechanism wherein half of the deuterium incorporated arrives as D atoms can he 
reconciled with these observations only if D atoms are highly selective for the 9,lO-positions. 

One possibility which cannot he discounted by any of the evidence presently at hand. is that the 
addition of 4 to AN is a 2 + 4 cycloaddition. It is the only system in this study for which 
cycloaddition to give a stable product is symmetry allowed. 

Phenanthrene, PN. PN does not react under these conditions. The fact that AN does react 
could be taken as evidence for 2 + 4 cycloaddition which is not symmetry allowed for PN. On 
the other hand, the 9, IO-positions in AN are notoriously reactive" and initiation processes with 
AN might he more effective than comparahle reactions with PN. The striking difference in 
reactivity of these two compounds will require further study for complete analysis. 
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SUMMARY 

The reaction of D, with several unsaturated substrates has been documented. The reaction 
involved no intentionally added hydrogenation catalyst and, with the possible exception of AN, 
is believed to involve D atom addition to the unsaturated compound with the resultant adduct 
radical either reacting with D, or undergoing disproportionation. In the case of anthracene, the 
results are consistent with a direct 2 + 4 cycloaddition. 
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Table I. Reaction of Unsaturated Compounds with D, (2000 psi) at 410 "C for 20 min: 
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The 20 min time period refers to the time after temperature equilbriurn is reached inside of the 
cell. This is the weight of material inside of an 
approximately 12 mL reaction vessel. ' Average number of D atoms per molecule as determined 
by G U M S  analysis. Balance of material is recovered C=C. except as otherwise noted. 
Commercial material contains 0.7% of DPE. Synthetic material contains < 0.01% DPE. * 
Product mixture also contains 5 - 10% of products of DPE reaction (benzene, toluene, 
ethylbenzene, styrene, 1.1-diphenylethane, diphenylmethane, etc. Similar amounts (12, 17 and 
21 %) of other products, most of which appeared to be dimers and dehydrodimers of expected 
intermediate radicals. ' Tetrahydroanthracenes were formed in amounts of up to 3% increasing 
with increasing concentration. J Corrected for DPE in starting STB. ' This run should be the 
Same as the previous 50 mg run, but gave lower conversion. It is believed that this is due to 
temperature variations. The first three STB runs were carried out on a different day from the 
last two. 

There is an 8 min heat-up period. 
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THERMOLYSIS OF PHENETEYL PHENYL ETHER. 
A MODEL OF ETHER LIN'KAGES IN LOW RANK COAL. 

Phillip F. Britt, A. C. Buchanan, I11 and E. A. Malcolm 
Chemical and Analytical Sciences Division 

Oak Ridge National Laboratory, P.O. BOX 2008 
Oak Ridge, TN 37831-6197 

INTRODUCTION 
Currently, an area of interest and frustration for coal chemists 
has been the direct liquefaction of low rank coal. Although low 
rank coals are more reactive than bituminous coals, they are more 
difficult to liquefy and offer lower liquefaction yields under 
conditions optimized for bituminous coals.' Solomon, Serio, and 
co-workers have shown that in the pyrolysis and liquefaction of low 
rank coals, a low temperature cross-linking reaction associated 
with oxygen functional groups occurs before tar evol~tion.~~' A 
variety of pretreatments (demineralization, alkylation, and 
ion-exchange) have been shown to reduce these retrogressive 
reactions and increase tar yields,2.' but the actual chemical 
reactions responsible for these processes have not been defined. 
In order to gain insight into the thermochemical reactions leading 
to cross-linking in low rank coal, we have undertaken a study of 
the pyrolysis of oxygen containing coal model compounds.' Solid 
state NMR studies suggest that the alkyl aryl ether linkage may be 
present in modest amounts in low rank coal.5 Therefore, in this 
paper, we will investigate the thermolysis of phenethyl phenyl 
ether (PPE) as a mode1,of P-aryl ether linkages found in low rank 
coal, lignites, and lignin, an evolutionary precursor of coal. Our 
results have uncovered a new reaction channel that can account for 
25% of the products formed. The impact of reaction conditions, 
including restricted mass transport, on this new reaction pathway 
and the role of oxygen functional groups in cross-linking reactions 
will be investigated. 

Backaround The thermolysis of PPE has been previously studied 
under a variety of conditions. Liquid-phase studies by Kleing and 
Gilbert" found phenol and styrene as the primary decomposition 
products, but different mechanisms were proposed to rationalize the 
data. Klein proposed a concerted retro-ene reaction based on the 
first-order reaction kinetics (1.16 f 0.12 in PPE) which was 

I 'I 

unaffected by tetralin, and the Arrhenius parameters, log A = 11.1 
f 0.9 s-' and E, = 45 -f: 2.7 kcal mol". It was proposed that 
secondary decomposition of styrene produced the minor amounts of 
toluene and ethylbenzene that were detected. Gilbert proposed a 
free radical chain mechanism for the decomposition of PPE based on 
the fractional reaction order (1.21 in PPE), the rate acceleration 
by added free radical initiator, and the Arrhenius parameters, log 
A = 12.3 s-' and E, = 50.3 kcal mol-'. The chain propagation steps 
are shown below. PPE has also been studied under coal liquefaction 

PhCH2CH20Ph + PhO. + PhCH(O)CH,OPh (1) + PhOH 

PhCH(.)CH20Ph + PhCH=CH2 + PhO. ( 3 )  

conditions, i.e. in tetralin under high pressure of hydrogen," and 
under catalytic hydropyrolysis conditions, with iron and zinc 
metal.12 In both these studies, the dominant products were phenol 
and ethylbenzene. since under these reaction conditions, styrene 
would be hydrogenated to ethylbenzene. 

EXPERIMENTAL 
Phenethyl phenyl ether was synthesized by alkylation of phenol with 
phenethyl tosylate with K2C0, in dimethylformamide. Vacuum 
fractional distillation afforded PPE in > 99.9% purity by GC. 
Biphenyl was purified by successive recrystallization from ethanol 
and benzene/hexanes while p-phenylphenol, 2-naphthol, and 
p-benzylphenol were recrystallized from benzene/hexanes until 
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purity was > 99.9% by GC. Tetralin was purified by washing with 
conc H,SO, until the layers were no longer colored, 10% Na,CO,, 
water, dried over Na,SO,, filtered, and fractionally distilled under 
vacuum from sodium two times taking the center cut. Purity was 
99.4 % by GC. The synthesis of the surface-attached phenethyl 
phenyl ethers, -PhCH,CH,OPh (-PPE-3) and ==PhOCH,CH,Ph (-PPE-1) has 
been previously reported.6 Two-component surfaces were prepared by 
co-attachment of the phenols in a single step,7 and had final 
purities of >99.7% (by GC). Surface coverages are listed in Table 
2. 

Thermolyses of PPE in the fluid and gas phase'were performed in a 
fluidized sand bath (fl 'C) in Pyrex tubes, degassed by six 
freeze-pump-thaw cycles, and sealed under vacuum (ca. Torr). 
Tubes were rinsed with acetone (high purity) containing standards, 
analyzed by GC and,GC/MS, and quantitated by the use of internal 
standards with measured GC detector response factors; Thermolyses 
of surface-immobilized PPE were performed at 375 f 1 C in T-shaped 
tubes sealed under high vacuum (ca. Torr). The volatile 
products were collected as they formed in a cold trap (77 K), 
analyzed by GC and GC/MS, as above. The surface-attached products 
were removed from the silica surface as the corresponding phenols 
by a base hydrolysis procedure, silylated to the trimethylsilyl 
ethers, and analyzed as above. All products were identified by 
their mass spectra and whenever possible, by comparison to an 
authentic sample. 

RESULTS AND DISCUSSION 
Phenethvl Phenyl Ether Thermolysis of PPE in the liquid phase at 
345 'C (1.2% conversion) produced styrene (36 mol%) and phenol (38 
molt), as the major products, and toluene (11 mol%) and 
benzaldehyde (12 mol%) as the minor products (eq 4). Small amounts 

PhCH,CH,OPh - PhCH=CH, + PhOH + PhCHO + PhCH, (4) 

of Ph(CH,),Ph (0.7 mol%), Ph(CH,),Ph (0.7 mol%), PhH (0.6 mol%) and 
PhCH,CH, (0.3 mol%) were also formed. A s  the conversion increased, 
several secondary products, Ph(CH,) ,Ph, ' PhCH,CH!, 
1,3,5-triphenylpentane, and l-phenoxy-2,4-diphenylbutane, grew in 
at the expense of the styrene. The material recovery decreased 
steadily with increasing conversion (based on recovered products), 
from 99.9% at 1.2% conversion, to 85% recovery at 17.9% conversion. 
The addition of 0 . 8 2  mol% and 7.0 mol%, 
2,3-dimethyl-2,3-diphenylbutane, as a free radical initiator, 
increased the rate of reaction by 25% and 200%. respectively, while 
not altering the product distribution. 

Thermolysis of PPE was also investigated at 375 'C with biphenyl 
(BP), as an inert diluent, (see Table 1) and in the gas phase from 
28 - 260 kPa. Although the rate of decomposition is slower than in 
the liquid, the product composition is much simpler with PhCH=CH,, 
PhOH, PhCHO, and PhCH, as the dominant products (,95%). The 
product selectivity, i.e. (PhCH=CH, + PhOH) / .  (PhCHO + PhCH,), is 
independent of PPE concentration and conversion, if secondary 
products are taken into account. This indicates PhCHO and PhCH, 
are formed by a primary reaction pathway competitive with PhCH=CH, 
and PhOH. Additionally, a kinetic order of 1.30 * 0.03 was 
determined from the slope of a log-log plot of initial rates vs. 
concentration. 

A free radical chain pathway can be written for the thermal 
decomposition of PPE which can rationalize the primary and 
secondary products, acceleration by a free radical initiator, and 
the fractional kinetic order. Secondary products arise from the 

PhCH,CH,OPh + PhCH,CH,O + PhOO (5) 

PhOO + PhCH,CH,OPh -f PhCH(O)CH,OPh (1) + PhOH ( 6 )  

1 + PhCH=CH, + PhOO (7) 

PhCH,CH,OPh + PhOO + PhCH,CH(O)OPh ( 2 )  + PhOH ( 8 )  

phCH,CH ( 0 )  OPh -f PhCH,CH (Ph) 00 ( 9 )  

PhCH,CH(Ph)OO + PhCH,. + PhCHO (10) 

PhCH,. + PhCH,CH,OPh -f 1 + 2 + PhCH, (11) 
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reaction of PhCH,., 1, and 2 with PhCH=CH,. Steps 8-11 have been 
added to the mechanism proposed by Gilbert” to explain the 
formation of PhCHO and PhCH, as primary products of a competitive 
reaction path. Although 1 is estimated to be ca. 7 kcal mol-’ more 
stable than 2 , l ’  the unexpected competition between eq E with eq 
6 can be rationalized by polar effects in the hydrogen transfer 
reaction between the electrophilic phenoxy radical and PPE (eq 8 ) .  
Polar effects have been reported in the hydrogen abstraction 
reaction between the t-butoxy radical and substituted anisoles. A 
Hammet plot shows a good up correlation with p = -0.4 indicating 
the development of cationic character in the transition state which 
can be stabilized by the adjacent oxygen.14 Additionally, there is 
precedence for the competitive formation of products from the 
thermodynamically less stable radical of tetralin (2-tetralyl 
radical)” and 1.4-diphenylbutane (1.4-diphenyl-2-butyl radica1)’at 
these temperatures. Since radical 2 does not have a facile 
p-scission route, it undergoes a l,2-phenyl shift from oxygen to 
carbon (eq 9). j3-Scission of the rearranged radical affords 
benzaldehyde and the chain carrying benzyl radical (eq 10). The 
chain length of the reaction, i.e. the number of chain turnovers 
per number of free radical formed, is ca. 10. Analogous 
intramolecular 1,2-phenyl shifts have been reported in the thermal 
decomposition of phenetole (PhOCHJH,) l6 and anisole at 400 .C.” 
Also, spectroscopic and kinetic data have been obtained for the 
rearrangement of 1,l-diphenylethoxy radical (Ph2C (CH,) 00) to 
1-phenyl-1-phenoxyethyl radical (PhC(CH3) (0)OPh.ls 

The thermolysis of PPE was also studied in tetralin, a model 
liquefaction solvent, at various concentrations (Table 1). 
Dilution of PPE with tetralin or BP decreased the rate of 
decomposition in a similar fashion but the product selectivity 
increased from 3 to 9 as the tetralin concentration increased. 
This is a consequence of changing the chain carrying radical from 
phenoxy to the tetralyl radical. Hydrogen abstraction at the 
carbon adjacent to the oxygen to form 2 is enhanced for the 
electrophilic phenoxy radical as a consequence of favorable polar 
contributions. However, this polar effect is not present for 
hydrocarbon radicals such as tetralyl, and hydrogen abstraction to 
form 2 is less favorable resulting in an increase in product 
selectivity. Similar changes in the selectivity were obtained when 
diphenylmethane, PhCH,Ph, was used as the hydrogen donating 
solvent. 

Surface-Immobilized Phenethvl Phenvl Ether Thermolysis of 
surface-immobilized PPE, -PhCH,CH,OPh (-PPE-3), at 375 ‘C at low 
conversions produces the products shown in eq 12. The selectivity 

aPhCH2CH20Ph + =PhCH=CH, + PhOH + -PhCH, + PhCHO (12) 

of the reaction (=PhCH=CH, + -PhCH,CH, + PhOH) / (-PhCH, + PhCHO) is 
slightly larger than that found for PPE as a consequence of the 
para-silyloxy substituent on the aromatic ring. This substituent 
enhances the hydrogen abstraction at the benzylic carbon and favors 
the production of =-PhCH=CH, and PhOH. A similar increase in 
selectivity is observed for the thermolysis of 
p -  (CH,) ,SiOPhCH,CH,OPh, as a model of surface attached PPE, where 
in the gas phase at 375 ‘C, the selectivity is 4.4 5 0.5. AS for 
PPE, a free radical chain mechanism can be written for the 
decomposition of surface-immobilized PPE. Restricted mass 
transport does not affect the new reaction pathway, i.e. hydrogen 
abstraction at the @-carbon, rearrangement, and p-scission, to form 
-PhCH, and PhCHO. 

The influence of co-attached aromatics on the rate and selectivity 
of the thermolysis of -PPE-3 are shown in Table 2. No new products 
were detected for the two component surfaces. Dilution of .-PPE-~ 
with biphenyl (==BP) or naphthalene (-Naph) results in a decrease in 
the rate of decomposition compared to the high coverage =PPE-3. 
However, in the presence of -DPM, a rate acceleration was observed 
compared to -PPE-3 diluted with -BP or BNaph, which is in contrast 
to that observed in the fluid phase (Table 1). These results 
suggest that rapid hydrogen transfer reactions involving DPM are 
occurring on the surface that allows radical centers to migrate to 
the reactive substrate, i.e. -PPE. Evidently, the orientation of 
the molecules on the surface enhances the rate of hydrogen 
transfer, through the A-factor, relative to hydrogen transfer 
reactions in a nonconstrained environment, i.e. the fluid phase. 
A similar rate acceleration via radical relay processes has been 
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reported in the thermolysis of surface-immobilized diphenylpropane 
and diphenylbutane in the presence of hydrogen donors .'.' 
Interpretation of the selectivity data is more complicated. 
Surprisingly, the inert spacers increase the selectivity (Table 2). 
Since these spacers should not effect the thermodynamics Of 
hydrogen abstraction, the packing of the molecules on the surface 
must be hindering the 1,2-phenyl shift such that a bimolecular 
hydrogen transfer reaction and @-scission (eq 13 and 14) can 
Compete with rearrangement (eq 15).? This hypothesis is currently 

BPhCH,CH20Ph + =PhCH,CHOOPh ~t -PhCHOCH,OPh + -PhCH,CH,OPh (13) 

mPhCH*CH,OPh + -PhCH=CH, + PhOO (14) 

mPhCH2CHOOPh + -PhCH,C(Ph)HOO + -PhCH,O + PhCHO (15) 

being investigated with the thermolysis of -PPE-3 and 
surface-attached benzene (-PhH), which should not hinder the 
rearrangement but still dilute the molecules on the surface. 
Therefore, the change in the selectivity for =-DPM/-PPE-3 is likely 
a consequence of two factors. First, the methylene linkage in DPM 
allows the phenyl ring to rotate away from the adjacent -PPE such 
that the 1,2-phenyl shift should not be hindered, thus decreasing 
the selectivity (theoretically back to that observed for high 
coverage =PPE-3). Second, since -DPM can participate in a radical 
relay process, an increase in selectivity would be expected for 
this nonpolar radical, -PhCHOPh, compared to the electrophilic 
phenoxy radical. It is interesting to note that in the fluid 
phase, dilution of PPE with an 8-fold excess of DPM increases the 
selectivity by a factor of 2.6, which is similar to the factor of 
2.4 found for the surface-immobilized substrates. 

The thermolysis of -PhOCH,CH,Ph, BPPE-1, at 375 'C produces the 
products shown in eq 16. The rate of decomposition is enhanced 
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-PhOCH,CH,Ph -, -PhOH + PhCH=CH, + -PhCHO + PhCH, (16) 

relative to -PPE-3 as a consequence of the para-silyloxy 
substituent. As for PPE and -PPE-3, a free radical chain mechanism 
can account for the products'. Based on the selectivity, 
surface-immobilization does not appear to hinder the l,a-phenyl 
shift to form -PhCHO and PhCH,. However, -PhCHO undergoes free 
radical decomposition to form a surface-attached phenyl radical as 
shown in eq 17. The bond dissociation energy of benzaldehyde (87 
kcal mol-') is similar to that of toluene (PhCH,-H, 88 kcal mol-') .". 

WPhCHO + RO + ePhC.0 + RH + -PhO t CO (17) 

At 13% conversion, over 41% of the -PhCHO has decomposed by 
decarbonylation to produce -PhH (73%) by hydrogen abstraction, 
-PhPh (14%) by aromatic substitution, and -PhCH,Ph (13%) by 
coupling with a gas phase benzyl radical. Stein has shown that the 
selectivity for hydrogen abstraction vs. arylation of toluene by 
the phenyl radical is 5.2 f 0.5 at 400 'C in the gas phase.l0 
Therefore, even in the presence of hydrogen donors, the phenyl 
radical could lead to arylation, which would form a more refractory 
linkage, i.e. a cross-link. These results show how decomposition 
of ether linkages may lead to cross-linking in low rank coal. 
Additionally, aromatic methoxy groups (ArOCH,) , which are present 
in high concentrations in low rank coals, could rearrange to 
aromatic aldehydes (ArOCH,. - ArCH,OO + ArCHO), under free 
radical reaction conditions. Subsquent decarbonylation could again 
lead to cross-linking. 

SUMMARY 
Investigations into the pyrolysis mechanisms of model @-aryl ether 
linkages have provided fundamental insights into the role of oxygen 
functional groups in retrogressive reactions. A previously 
undetected reaction pathway has been found for the free radical 
decomposition of PPE in the fluid phase and under conditions of 
restricted diffusion. Under conditions of restricted mass 
transport, the rates and product selectivities can be altered by 
the physical and chemical structure of the neighboring molecules. 
In the presence of a hydrogen donor, radical migration can occur on 
the the surface to transport radical sites to reactive molecules. 
pyrolysis of the 0-aryl ether linkage can lead to cross-linking 
reactions by the free radical decomposition of benzaldehyde to the 
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highly reactive phenyl radical, which can undergo aromatic 
substitution reactions competitively with hydrogen abstraction. 
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Table 1. Effect of Diluents on the Thermolysis of PPE at 375 "C 

Diluent I Diluente/PPE 1 Rate * i o 5  ~ s - 1  I selectivity' 

None 

BP 

_ _  32.8 2.8 

1.03 25.7 2.7 

I Tetralin I 0.96 I 14 16.0 I 
BP 

Tetralin 

4.54 5.1 2.9 

3.87 6.5 9.3 

BP 

Tetralin 
- 

I DPM 18.76 12.6 18.1 I 

8.42 2.1 3.1 

8.05 2.4 9.5 

BP 19.1 0.67 3.7 

Surface Comp. 

I -PPE-3/-Naph I 0.072/0.45 13.4 

Coverage (mmol g-') Rate ( %  h-') Selectivitya 

-PPE-3 

=PPE-3/=BP 
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0.54 8.3 5fl 

0.050/0.536 3.6 21*2 

-PPE-3/-DPM 

-PPE-1 

0.059/0.4a 8.5 12*2 

0.50 81 3.1+0. 3b 
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INTRODUCTION 
Research aimed at the development of improved coal utilization 
technologies such as coal liquefaction and hydropyrolysis continue 
to benefit from the insights provided by well-designed model 
compound studies’. The importance of controlling hydrogen 
utilization in the development of economically competitive 
processes is well-recognized. The donation of hydrogen atoms to a 
reactive site in coal, such as a free radical, can occur from 
molecules native to the coal structure, hydrogen gas, or a 
liquefaction donor solvent. The hydrogen transfer can also be 
mediated by the presence of a catalyst. Model compound studies 
continue to probe the mechanisms of hydrogen transfer and 
utilization potentially involved in coal liquefaction.’ 

Coal possesses a complex chemical and physical structure. The 
cross-linked, network structure can lead to alterations in normal 
thermally-induced, free-radical decay pathways as a consequence of 
restrictions on mass transport. Moreover, in coal liquefaction, 
access of an external hydrogen donor to a reactive radical site can 
be hindered by the substantial domains of microporosity present in 

Larsen et al. have recently investigated the short 
contact time liquefaction of Illinois No. 6 coal in the presence of 
either tetralin or 2-tert-butyltetralin as the hydrogen donor 
solvent.’ Remarkably, both the yields of pyridine extractables and 
the amount of hydrogen transferred from the donor solvent are the 
same despite the presence of the bulky tert-butyl group. Diffusion 
effects do not appear to be playing an important role in this coal 
conversion chemistry. Several possible explanations for this 
phenomenon were advanced including the potential involvement of a 
hydrogen hopping/radical relay mechanism recently discovered in 
model systems in our laboratories.‘.’ 

We have employed silica-anchored compounds to explore the effects 
of restricted mass transport on the pyrolysis mechanisms of coal 
model compounds.4-’ In studies of two-component systems, cases have 
been discovered where radical centers can be rapidly relocated in 
the diffusionally constrained environment as a consequence of rapid 
serial hydrogen atom transfers. This chemistry can have 
substantial effects on thermal decomposition rates4 and on product 
selectivities.5 In this study, we examine additional surfaces to 
systematically investigate the impact of molecular structure on the 
hydrogen atom transfer promoted radical relay mechanism. Silica- 
attached 1,3-diphenylpropane (-Ph(CH,) ,Ph, or -DPP) was chosen as 
the thermally reactive component, since it can be considered 
prototypical of linkages in coal that do not contain weak bonds 
easily cleaved at coal liquefaction temperatures (ca. 4 O O 0 C ) ,  but 
which crack at reasonable rates if benzylic radicals can be 
generated by hydrogen abstraction. The rate of such hydrogen 
transfers under restricted diffusion will be highly dependent on 
the structure and proximity of neighboring 

EXPERIMENTAL 
The two-component surfaces shown below were synthesized from the 
corresponding phenols by co-reaction with the surface hydroxyls of 
a nonporous, fumed silica (surface area of 200 * 25 m2/ g) as 
previously de~cribed.~.’ The compounds are covalently anchored to 
the silica surface by a thermally robust Si-O-Caryl linkage. The 
resulting two-component surfaces had purities of 2 99.3%. 

Pyrolyses were performed in sealed, evacuated ( 2  x torr), T- 
shaped tubes at 375°C. During the reaction, any volatile materials 
formed migrated out of the heated zone and were collected in the 
sidearm cold trap (77K). After the reaction, the volatile products 
in the trap were dissolved in acetone and analyzed by GC and GC-MS 
with the use of internal calibration standards. Base hydrolysis 
(1N NaOH) of the silica residue liberated the surface-attached 
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Products and unreacted starting materials, which were isolated as 
the corresponding phenols following neutralization and extraction 
with CH,Cl,. These products were silylated with N , O -  
bis(trimethy1silyl)trifluoroacetamide in pyridine (2.5M), and the 
corresponding trimethylsilyl ethers were analyzed in the presence 
of internal standards by GC and GC-MS. 

J 

(w DPP / - BP - DPP / (w NAP - DPP / (w DPM 

- DPP / rvy DPM-dZ r.w DPP ,/ (w rn-DPM 

- DPP / NU FL - DPP / - DHP 

RESULTS ANTI DISCUSSION 
If the rate of decomposition of 1.3-diphenylpropane were governed 
solely by homolysis of its weakest bond (about 74 kcal/mol) to form 
PhCH,* and -CH,CH,Ph, then DPP would be stable at 4OO0C with a half 
life on the order of 19 years.' The fact that DPP is thermally 
reactive even at 3759C derives from the incursion of a free-radical 
chain decomposition pathway that produces benzylic radicals capable 
of cracking by @-scission. For silica-immobilized DPP (-DPP), this 
reaction produces the cracking products shown in Eq. 1 with the 
radical chain propagation steps shown in Eqs. 2-4.7 As shown in 
Table 1, the rate of -DPP decomposition decreases substantially 
with decreasing surface coverage as the rate for the hydrogen atom 
transfer step 4 decreases. This should be particularly important 

-Ph(CH,),Ph -, PhCH, + -PhCH=CH, + =PhCH, + PhCH=CH, (1) 

-PhCH*CH,CH,Ph (1) + -PhCH=CH, + PhCH,* ( 2 )  

-PhCH,CH2CH*Ph ( 2 )  + =PhCH,* + PhCH=CH, (3) 

-PhCH,* (and PhCH,*) + -Ph(CH,),Ph + =PhCH, (and PhCH,) + 1 + 2 (4) 

for hydrogen abstraction by the surface-attached benzyl radical, 
=phCH,*, as the spatial separation between reactants increases with 
decreasing surface coverage. Similar rate decreases are observed 
in pyrolysis of liquid-phase DPP when the concentration is 
decreased by dilution with an inert solvent. 

Discovery of the radical relay mechanism originated from studies of 
the pyrolysis of the surfaces, -DPP/=BP, -DPP/-NAP. and -DPP/=DPM, 
where the biphenyl and naphthalene spacers were innocuous, but the 
diphenylmethane spacer molecules resulted in greatly enhanced 
decomposition rates (ca. 10-fold) for -DPP when compared at similar 
surface coverages of -DPP (see Table l ) . 4  This is in contrast to 
liquid p$ase DPP pyrolyses where DPM behaves as other inert 
diluents. In the surface-immobilized cases, no new products were 
formed, and the involvement of diphenylmethane moieties in the 
relay pathway was confirmed from the study of -DPP/-DPM-d,. In 
addition to an apparent deuterium isotope effect on the reaction 
rate, incorporation of substantial amounts of deuterium in the 
vapor-phase and surface-attached toluene products was detected. A 
pictorial representation of the radical relay process is shown 
below. The facility of this process, which leads to rates 
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Surface Coverage (mol  9.') 
composition 

-DPP 0.59 

0.14 

Rate x 10' ( 8  s-') 

24.0 

1.1 

As shown in Table 1, the use of the isomeric meta-diphenylmethane 
spacer similarly produces enhanced rates, and appears even more 
effective than the para-analog at participating in the radical 
relay process. The fluorene spacer (=FL) is a cyclic analog to -rn- 
DPM, which is known to have faster kinetics for hydrogen donation 
to benzyl radicals because it does not require phenyl rotations to 
be frozen in the transition state.' However, in the surface- 
attached analog, the fact that the benzylic hydrogens are attached 
to a carbon locked in a ring could potentially lead to geometrical 
constraints in the hydrogen transfer steps on the surface. As 
shown in Table 1, the -DPP pyrolysis rate is substantially enhanced 
in the presence of -FL compared even with the DPM cases. However, 
for -DPP/-FL, we have found that the majority of the -PhCH=CH, 
product has undergone reaction with fluorenyl radical in a chain 
transfer step (Eq. 5). The resulting radical does not terminate 
the chain, but abstracts hydrogen to provide an additional pathway 
for relaying radical centers on the surface (Eq. 6 and 7). This 
additional pathway apparently also contributes to the facile 
decomposition of -DPP. 

sFL* + -PhCH=CH2 -, =PhCH*CH,-FL- ( 5 )  

or, -PhCH*CH,-FL- + -FL-H + -PhCHzCH2-FL- + -FL* (7) 
-PhCH*CH,-FL* + -Ph(CH2),Ph + -PhCH2CH2-FL- + 1 + 2 ( 6 )  

The hydroaromatic, 9,lO-dihydrophenanthrene (DHP), is often 
employed as a model hydrogen donor liquefaction solvent. It can be 
seen from Table 1 that -DPP reacts faster in the presence of co- 
attached DHP (-DHP) than in the presence of the inert aromatics, 
biphenyl (-BPI and naphthalene (-NAP), although not as fast as in 
the presence of -DPM. The radical relay chemistry is more 
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-DPP / -BP 
-DPP / -NAP 
-DPP / -DPM 

BDPP / -DPM-d, 

sDPP / -m-DPM 
-DPP / -FL 
-DPP / -DHP 

0.10 0.72 

0.13 / 0.51 2.2 

0.12 / 0.44 1.9 

0.17 / 0.42 21.0 

17.0 0.13 / 0.37 
12.0 0.16 / 0.36 

0.17 / 0.31 27.0 

86.0 0.17 / 0.42 
8.6 0.21 / 0.36 

0.065 / 0.47 13.0 



complicated with -DHP, however, because chain propagation can also 
occur via hydrogen atoms donated by the ktermediate 
hydrophenanthryl radicals, -DHP-, which would not experience 
diffusional constraints (Eqs. 8 and 9). Consistent with 
this premise, we observe formation of modest amounts of surface- 
attached phenanthrene (-PHEN), as well as new products resulting 
from hydrocracking of -DPP (accounting for ca. 2% of the reacted 
==DPP) to form -PhH + PhC,H, and PhH + -PhC,H,. However, it is 
interesting that the PDPP decomposition rate is substantially 
greater for the diphenylmethane spacers which serve only as radical 
relay catalysts. 

CONCLUSIONS 
This study shows that the rate at which surface-immobilized 1.3- 
diphenylpropane thermally decays at 375OC can span a substantial 
range that is dependent on the structure of neighboring molecules 
on the surface. It seems clear that it is possible for radical 
centers to relocate in diffusionally constrained environments at 
relevant coal liquefaction temperatures, without the need for 
physical movement, by means of rapid serial hydrogen atom 
transfers. There may exist an optimum set of chemical structures 
that possess the appropriate thermochemical and structural 
properties to promote the radical relay phenomenon under conditions 
of restricted-diffusion, and we continue to explore additional 
spacer molecules. 

The significance of these results for coal liquefaction encompasses 
two points. If the cleavage of a linkage embedded in a microporous 
domain in coal requires formation of a radical precursor (as 

/typified by DPP in the current study), then a radical relay 
mechanism could transfer that needed "reactivity" to the linkage in 
question. Alternatively, if a radical is formed in an inaccessible 
region of the coal network and needs to be capped by a hydrogen 
source to prevent a retrogressive reaction, then a radical relay 
pathway could relocate the radical center to a region in the coal 
that is accessible to a hydrogen donor in the liquefaction medium. 
It remains to be determined whether such a phenomenon contributes 
to the coal liquefaction behavior recently reported by Larsen (vide 
supra) . 
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INTRODUCTION 

Model compounds are useful because they offer insight into the processes of more 
complex systems. They allow one to study a controlled system of known structure and 
relatively well mapped reaction pathways, in the hope that the information obtained 
therein is transferable to real systems. The problem with the study of model systems is 
that those very constraints which make the system easy to understand may in turn hinder 
the application of that understanding to real systems. This is particularly true in the study 
of coal liquefaction, where the complexity of the coal system often gives rise to 
unanticipated results. 

The current paper discusses how the addition of even small amounts of coal (1:l 
coa1:catalyst) can dramatically affect the catalytic hydrogenation of model two-ring 
aromatic solvents. The catalyst, a novel, unsupported molybdenum catalyst preformed 
during a separate solvent hydrogenation step, appears to be selectively deactivated 
toward solvent hydrogenation, but not coal conversion. The effect is observed in two 
model solvent systems, 1 -methylnaphthalene and Panasol. Adding coal-derived 
preasphaltene and asphaltene materials seems to have the same effect. 

EXPERIMENTAL SECTION 

Materials. Panasol", a mixture containing mostly alkyl naphthalenes, was obtained from 
Crowley Chemical Company and used without further purification. Purified grade 
I-methylnaphthalene from Fisher Scientific Company, found to be 99% pure by gas 
chromatography, was used without further purification. Blind Canyon coal, DECS-6, from 
the U.S. Dept. of Energy's Coal Sample Program, was used in these studies. A unique, 
high surface area, preformed molybdenum catalyst was prepared at the U.S. Dept. of 
Energy's Pittsburgh Energy Technology Center (PETC). The catalyst consisted of the 
recovered solid from a semi-batch 1-L stirred autoclave reaction of ammonium 
heptamolybdate, hydrogen sulfide, and Panasol under 17 MPa (2500 psi) hydrogen at 
425°C [l]. The catalyst contained 50% C, 30% Mo, and 20% S, and possessed a BET 
surface area of approximately 250 m2/g. The supported iron catal st was prepared by 

supported molybdenum catalyst was prepared in a similar fashion from ammonium 
heptamolybdate. 

Reactions. Reactions were completed in a stainless steel batch microautoclave reactor 
system constructed at PETC. The cylindrical reactor portion has a volume of 43 mL, and 
.the total internal volume, including all tubing and connections, is 60 mL. The reactor was 
equipped with an internal thermocouple and a pressure transducer for continuous 
monitoring of pressure and temperature throughout the run. The reactor was mounted 
on a rocker arm, which extends into an electrically heated sand bath. In typical 
experiments, the reactor was charged with various combinations of solvent, coal, catalyst, 
a sulfur source, and then was pressurized with hydrogen. Unless otherwise stated, a full 
charge consisted of 6.6 g solvent, 3.3 g coal, 0.1 g catalyst, 0.1 g sulfur, and 7 MPa 
(1000 psi) ambient temperature hydrogen gas. The reactor was then attached to the 
rocker arm (180 cycles / minute) and plunged into a preheated sand bath, where it was 
heated up to 425°C in 2 to 4 minutes. It was held at temperature in the sand bath for 30 
minutes, and then removed and allowed to air cool, typically in less than 5 minutes, to 
room temperature. The reactor was vented and the gas collected for analysis. 

Sample Workup Procedure and Coal Conversion Calculation. During workup, the 
reactor (including tubing) was cleaned and rinsed with tetrahydrofuran (THF). The 
material collected was combined and filtered through a 0.45 micron filter under 40 psi 
nitrogen gas pressure, yielding the "THF solubles" and "THF insolubles." Coal conversion 
was calculated based on the mass of MAF coal from the measured mass of THF 
insolubles adjusted for catalyst and coal mineral matter. After the THF insolubles were 

precipitation of FeOOH from a solution of ferric nitrate onto Raven x carbon black. The 
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weighed, the soluble material was stripped of solvent on a rotary evaporator until mass 
balance was obtained. Although this generally removed most of the THF solvent, some 
Was Occasionally observed by H-I nuclear magnetic resonance (NMR) in the resulting 
THF Soluble fraction. In runs where coal was used in the reactor, the THF solubles were 
extracted by heptane, and the procedure was repeated to obtain a heptane-soluble 
fraction. In each case, the soluble portion was derived essentially from the original 
Panas01 or I-methylnaphthalene solvent and its reaction products, and (when Coal was 
Present) a small amount of coal-derived material. 

Gas and Pressure Analyses. At the completion of each run, product gases were 
collected and analyzed at PETC by a previously published method [2]. Total hydrogen 
consumption for the run was calculated based on the difference between initial and final 
(cold) gas pressure as adjusted for product gas slate. In some runs, gas composition 
data were not available, or had to bk estimated from a similar experiment. Hydrogen 
consumption as a function of time was calculated from the total (hot) gas pressure, 
recorded at 10 s intervals during the run, total hydrogen consumption, and the 
assumption that product gases were produced in a linear fashion throughout the run. 
Assumptions were also made concerning the liquid-vapor equilibrium of the solvent, the 
solubility of hydrogen in the liquid phase, and the fact that part of the reactor tubing does 
not extend down into the hot sand bath. A more complete description of the hydrogen 
consumption measurements is found in reference 3. 

Gas Chromatography. Gas chromatography was performed either with a Hewlett 
Packard HP5880A gas chromatograph (GC) equipped with flame ionization detector (FID) 
or a Hewlett Packard HP5890A GC equipped with an HP5970 mass selective detector 
(GUMS) . 

Low-Voltage, High-Resolution Mass Spectrometry (LVHRMS). LVHRMS data were 
obtained on a Kratos MS-50 high-resolution mass spectrometer interfaced to a personal- 
computer-based data system developed at PETC. The sample was. introduced into the 
ion source through the batch inlet system at a temperature of 200°C. The magnet was 
operated with a static resolving power exceeding one part in 30,000 with an average 
dynamic resolving power (while scanning) of one part in 26,000. Quantitative calibration 
of tetralins relative to naphthalenes was accomplished with known mixtures of tetralin and 
1 -methylnaphthalene. Further details on the LVHRMS technique and data reduction 
routines are provided in references 4 and 5. 

Nuclear Magnetic Resonance. Both H-1 and C-13 NMR of the samples were recorded 
on CD,CI, solutions of the samples on a Varian VXR-300 NMR spectrometer equipped 
with a 5-mm broadband probe. C-13 NMR spectra were the result of 700 time-averaged 
scans recorded with 90" pulse widths and a recovery time of 60 s, requiring 
approximately 12 hours of spectrometer time per spectrum. Decoupling was applied 
only during acquisition. 

RESULTS AND DISCUSSION 

Verification of Analytical Results: 1 -Methylnaphthalene and Panasol Solvents. In 
order to verify the accuracy and reproducibility of the analytical methods, microautoclave 
hydrogenations were made using 1 -methylnaphthalene solvent, 7 MPa initial (cold) 
hydrogen pressure, and (if used) catalyst. The series consisted of a thermal (no catalyst) 
run, the preformed dispersed molybdenum catalyst (Mo), an iron (Fe/C) and a 
molybdenum (Mo/C) catalyst, the latter two supported on carbon black. 
1 -Methylnaphthalene, 5- and 1 - methyltetralin, naphthalene, and tetralin constitute 97% 
of the products (by GC) from this simple solvent system. Independent determinations 
of I-methylnaphthalene hydrogenation to tetralins were made by each of the analytical 
methods: gas analysis, GC, LVHRMS, and NMR. The results, their averages and 
standard deviations are listed in Table 1. 

Panasol is a fairly complex hydrocarbon mixture, with some 130 GC peaks above the 
0.01 % threshold level. It contains about 80% alkylated naphthalenes 
(2-methylnaphthalene is the largest single constituent at 22%), and 5-10% each of 
alkylated benzenes, tetralins, and biphenyls. It has a proton aromaticity of 0.48, and a 
carbon aromaticity of 0.84, corresponding to an "average" structure of 
dimethylnaphthalene. Since the alkylnaphthalenes in Panasol were expected to 
hydrogenate similarly to 1 -methylnaphthalene, a series of microautoclave reactions with 
Panasol was completed under the same conditions as those for the samples of Table 1. 
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The results are given in Table 2. For GC and LVHRMS, the hydrogenation determination 
was made from direct measurement of naphthalenes and tetralins in the products as 
compared to the starting Panasol. Hydrogenation was estimated from gas analysis by 
fitting the hydrogen consumption with that necessary to convert a given amount Of 
dimethylnaphthalene to the corresponding tetralins. Hydrogenation was estimated from 
NMR data by fitting the aromaticity change to a given conversion of dimethylnaphthalene 
to the corresponding tetralins. Although the hydrogenation estimates for Panasol do not 
agree with each other as well as they do in Table 1, the average results are still within 
the standard deviation of the 1 -methylnaphthalene hydrogenations. 

Effect of Coal Addition on Solvent Hydrogenation Using Preformed, High Surface 
Area Mo Catalyst. A series of microautoclave experiments was completed using 6.6 g 
of either 1 -methylnaphthalene or Panasol solvent, 7 MPa initial (cold) hydrogen pressure, 
and 0.1 g preformed high surface area molybdehum catalyst. The runs contained 0.0, 
0.1, 0.2, and 3.3 g of coal, respectively. Figure 1 shows the hydrogen consumption 
plotted as a function of time over the course of each run. A substantial amount of 
hydrogen is consumed during the heat-up period (i.e., before time zero in Figure 1); in 
fact, the "liquefaction" of the 0.1 and 0.2 g coal samples is probably completed by the 
time the plot starts. The residual, or observed hydrogen consumption is most likely due 
to hydrogenation of the solvent. In the Figure, it can be seen that the rate of hydrogen 
consumption consistently follows the order 0.0 g > 0.1 g > 0.2 g. The rate for the 3.3 g 
coal sample is still trending downward at the end of the run, with hydrogen consumption 
probably attributable to coal conversion rather than solvent hydrogenation. 

Total hydrogen consumption for these runs, including the heat-up periods, is listed in 
Table 3. Not surprisingly, the greatest hydrogen consumption, 55 mmol, was found with 
the highest loading of coal, 3.3 g. This can be attributed to the fact that two acceptors 
were available for the gaseous hydrogen - both the solvent and the coal. Consistent with 
Figure 1, the addition of small amounts of coal to the solvent does not produce an 
intermediate result. Rather, the total hydrogen consumption with both 0.1 g (26 mmol 
H,) and 0.2 g (22 mmol H,) of added coal is less than that for either no added coal (29 
mmol H,) or 3.3 g added coal. For comparison, the thermal hydrogenation of 
1-methylnaphthalene and Panasol, listed in Tables 1 and 2, consumed only 2 and 3 
mmoles hydrogen, respectively. The results are more striking when one examines 
hydrogenation of naphthalenes in the solvent as analyzed by LVHRMS. The percentage 
of naphthalenes converted to tetralins is highest in the no coal case, and decreases 
rapidlywith increasing amounts of added coal, from 31% to 12%. Unfortunately, heptane 
contamination from the workup procedure makes it !mpossible to obtain a quantitative 
estimate of solvent hydrogenation from NMR aromaticity measurements. However, the 
results are qualitatively supported by examination of the NMR spectra. 

These results demonstrate that the rate of hydrogenation of these solvents is diminished 
by the presence of small.amounts of coal in the reactor. However, the total hydrogen 
consumption was still greatest for the maximum loading of coal. That is, hydrogen was 
still going to the coal though not to the solvent. One explanation for this phenomenon 
might be that the type of structures present in the coal and initial coal derived products 
hydrogenate more readily than the solvent. In a popular model of liquefaction, the first 
products of coal dissolution are the asphaltenes and preasphaltenes. These are 
generally thought of as large, aromatic systems consisting of three or more condensed 
rings. This argument is supported by work which has shown that three ring systems 
hydrogenate faster than two ring systems 161. However, the argument is difficult to 
accept in circumstances where only a small amount of coal is present. The results of 
Figure 2 would seem to indicate that coal dissolution happens very quickly in these 
cases. Even if the coal-derived products hydrogenate more quickly, there would still be 
adequate time and hydrogen to hydrogenate the solvent. 

Effect of Recycled Catalyst on Subsequent Reactions. The next sequence of 
experiments helps illustrate what happened to the catalyst on exposure to coal. These 
experiments begin with the THF insolubles from the reaction which had employed 0.2 g 
of coal with fresh catalyst, cited in the previous series ("'A in Figure 2). This material, 
presumably consisting of the recovered catalyst and a very small amount of unreacted 
coal, was used as the catalyst for a new experiment, hydrogenating 1 -methylnaphthalene 
solvent with no fresh coal ("6 in Figure 2). The THF insolubles from the second run 
were used as the catalyst in a third run, this time containing I-methylnaphthalene solvent 
and 3.3 g coal ("C in Figure 2). The total hydrogen consumption, solvent hydrogenation 
as measured by LVHRMS, and coal conversion (in the cases where 3.3 g of coal was 
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reacted) are summarized in Figure 2. The same data for experiments with 3.3 g coal with 
fresh catalyst (“D), and 0.0 g of coal with fresh catalyst (“E’)), are included for 
comparison. 

Solvent hydrogenation, as seen in Figure 2, is highest for the case of fresh catalyst, and 
no added coal. Solvent hydrogenation drops by a factor of over two upon exposure of 

, the catalyst to 0.2 g coal, and does not recover, maintaining its value when the recycled 
catalyst is used in a subsequent run. Solvent hydrogenation drops further when the 
catalyst is exposed to more coal. Coal conversion, on the other hand, is uninhibited by 
the use of recycled catalyst. Hydrogen consumption is highest for the experiments 
which employed a full charge (3.3 g) of coal, intermediate for the case of fresh catalyst 
and no coal, and lowest for cases in which the catalyst had been exposed to coal but 
there was not enough coal present to take up hydrogen itself. 

In an effort to pinpoint the origin of the catalyst inhibitor, 0.4 g of the THF-solubles, 
heptaneinsolubles fraction (i.e., asphaltenes and preasphaltenes) was taken from a 
reaction which had employed 3.3 g coal and fresh catalyst and added to a 
hydrogenation reaction containing 1 -methylnaphthalene and fresh catalyst, but no coal. 
The result (“E) is displayed with the others in Figure‘P. Solvent hydrogenation (at 4%) 
was almost completely suppressed to levels below those obtained with 3.3 g coal 
present. Hydrogen consumption was much the same as when fresh catalyst was used 
with small amounts of coal or recycled catalyst was employed. 

Discussion and Conclusion. The results of Figure 2 are not consistent with a simple 
competition for catalyst sites. The fact that solvent hydrogenation with coal present did 
not recover to previous levels with the “recycled” catalyst indicates some persistent 
change in the catalyst, i.e., poisoning. The fact that there was no impairment of coal 
conversion when coal was added, together with a hydrogen consumption value similar 
to what it would have been for fresh catalyst, indicates that any deactivation of the 
catalyst did not affect coal conversion. 

Plainly, some deactivation of the catalyst has taken place. Otherwise the diminution in 
solvent hydrogenation would not have occurred. However, a substantial amount of 
catalytic activity remains. There is no other explanation for the coal conversion or total 
hydrogen consumption data with 3.3 g coal. 

Supported and unsupported catalysts have been used for first stage coal liquefaction. 
Exposure to coal has been known to affect the long-term activity of supported catalysts. 
Unsupported catalysts are normally once-through catalysts and are not exposed to coal 
for long times. Long term deactivation of unsupported catalysts would not be a problem. 
Rapid and selective deactivation of specific catalyst sites upon exposure to coal would 
be a greater concern. 

Deactivation of supported catalysts has been the subject of a number of studies [7]. The 
poisoning effect of nitrogen bases on catalysts, especially for those catalysts which have 
acidic active sites, has been extensively studied in the areas of petroleum cracking [8], 
coal liquefaction [SI, and coprocessing [ I  01. The formation of carbonaceous deposits 
on the catalyst surface has also been implicated in the loss of hydrogenation activity in 
coal liquefaction catalysts [I  I]. Studies have shown that carbon supports confer higher 
resistance to fouling by carbonaceous deposits than do alumina supports [12]. The 
preformed, high surface area molybdenum catalyst used in the coal addition studies 
reported here is an unsupported catalyst in the sense that it is being developed for once- 
through use. However, the catalyst still contains 50% carbon, and probably shares much 
in common with molybdenum catalysts on carbon supports. The observation of catalyst 
poisoning is therefore significant. 

The fact that solvent hydrogenation (at least that of double-ring aromatic compounds) 
is inhibited while coal conversion, a process which also requires hydrogen, is not, would 
support the existence of different types of catalytically active sites. Suppose the catalyst 
contains different types of active sites, and some of these sites bind substrates more 
strongly than others. In this representation, the best, Le., most strongly interacting sites 
are required for hydrogenation of Panasol. However, other weaker sites exist in greater 
numbers, and are adequate for providing hydrogen to the decomposing coal matrix. 
Most catalyst poisons act by adhering to an active site and preventing interaction with 
any other substrates. If the poisoning agent, whatever its identity, is not a particularly 
strong catalyst poison, it would only adsorb and adhere to the most strongly interacting 

r/ 

I 
// 
I, 

i 
d 
r 691 



sites. In this manner, the sites needed for solvent hydrogenation would no longer be 
available. On the other hand, the byproducts of coal conversion can use the less active 
sites, so conversion remains relatively unchanged. Such a system would exhibit the 
observed characteristics of both catalyst poisoning and competition for catalyst sites. 

At this point, it is not known whether the hydrogen going to the coal is involved with 
hydrogenating aromatic rings, or simply capping fragments formed from bond scission. 
However, these preliminary results would appear to serve as a warning that the best 
catalysts for coal liquefaction may not necessarily be found by hydrogenating model 
compounds. 

Further work is in progress to identify the poisoning agent or agents, and to determine 
if its effect on the catalyst is reversible. 
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TABLE 1: Comparison of Analytical ReSUltS 
for 1-Methylnaphthalene Hydrogenation 

Thermal Mo Techniaue ~- 
Gas Analysis 2% 37% 58% 33%* 

GC 2% 3 1% 50% 25% 

LVHRMS 

“-13 NMR 

0% 29% 50% 20% 

2% 29% 4 5% 20% 

AVERAGEfSD . 221% 3 2 2 4 %  51?5% 2526% 

* gas pressure data estimated due to leak 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

TABLE 2:  Comparison of Analytical Results 
for Panasol Hydrogenation 

Techniaue ~- Thermal MO 

Gas Analysis 4 %  34% 55% 27% 

GC/MS NA NA 46% 17% 

LVHRMS 1% 3 1% 56% 31% 

C-13 NMR 5% 25% 36% 27% 

AVERAGE 3% 3 0% 48% 26% 

--_____-________-------------------------------------------------- __________________--____________________-----_-_--_-_------------- 

TABLE 3: Effect of Added Coal on Naphthalene Hydrogenation by 
Preformed Dispersed Molybdenum Catalyst 

Solvent Coal (9) mmol H2 % Naph to Tet 
~~ Consumed f LVHRMS ) 

Panasol 0.0 29 31 

1-MeNp 0.1 26 22 

Panasol 0.2 22 14 

Panasol 3.3 55 12 
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Figure 1: Effect of Added Coal on the Rate of H2 Consumption. 
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Figure 2: Summary of Coal Conversion, Solvent Hydrogenation 
and Hydrogen Consumption for Fresh and Recycled Catalyst 

Coal Conversion, % 
H2 Consumption, mmoles 
Solvent Hydrogenation, % 

A B c  D E F 

A: 0.2 g Coal, Fresh Catalyst 
B: No Coal, Recycled Catalyst from "A' 
C: 3.3 g Coal, Recycled Catalyst from "B' 
D: 3.3 g Coal, Fresh Catalyst 
E: No Coal, Fresh Catalyst 
F: No Coal, 0.4 g THF Solubles, Fresh Catalyst 
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THE EFFECT OF PRESSURE AND SOLVENT QUALITY ON FIRST STAGE COAL 
LIQUEFACTION WITH DISPERSED CATALYSTS 

A.V. Cugini, K.S. Rothenberger, M.V. Ciocco, 
G.A. Veloski, and D.V. Martello, 

U.S. Department of Energy, Pittsburgh Energy Technology Center, 
P.O. Box 10940, Pittsburgh, PA 15236-0940. 

Introduction 

Dispersed catalysts, both molybdenum and iron based, have been shown to be effective for coal 
liquefaction.' Most studies have tested the effectiveness of these catalysts at moderate to high 
hydrogen pressures, on the order of 1500 to 2500 psig (10.3 to 17.2 MPa). Coal liquefaction 
at lower pressures is well known. Hydrogen donor solvents, such as tetralin and 
dihydrophenanthrene, are capable of transferring hydrogen to the coal at low pressures, less than 
400 psig (2.8 MPa).' 

This study is aimed at exploiting a combination of dispersed catalyst activity with donor solvent 
quality to reduce the overall pressure of first stage coal liquefaction. Two questions are being 
addressed in this study. The first is how effective are dispersed catalysts for hydrogenation at 
lower pressures and the second is to what extent are dispersed catalysts capable of catalyzing the 
transfer of hydrogen to the coal. This paper presents preliminary studies aimed at addressing 
these two questions with model coal liquefaction solvents PANASOL (non-hydrogen donor) and 
tetralin (hydrogen donor). 

Experimental 

Feed Coal. Experiments were conducted with Blind Canyon bituminous coal (DECS-6, 
from the DOElPenn State Coal Sample Bank). This coal was selected because of its low pyritic 
sulfur content. An analysis of the coal was presented earlier.' 

Catalyst. A high surface area MoS, catalyst was used. The catalyst preparation was 
discussed previously.' The MoS, was prepared by rcduction of ammonium heptamolybdate 
under H,/H,S in the 1-L semi-batch autoclave at 2,500 psig (17.2 MPa), 4 SCFH (0.11 Nm3/h) 
of H,/3%H2S, 425"C, and 0.5 h.. The catalyst has a BET surface area of 261 m2/g, and 
elemental composition of 30% Mo, 20 % S ,  and 50% C. 

Liquefaction Studies. Experiments were conducted by adding 3.3 g coal to a 40-mL 
tubular microautoclave reactor with 6.6 g of a mixture of PANASOL (obtained from Crowley 
Chemical) and tetralin. In experiments in which catalysts were used, 1000 ppm of Mo was 
added as high surface area MoS,. The reactor was charged with the desired pressure of 
hydrogen and sealed. The pressurized reactor was then rapidly (1-2 minutes) heated to the 
liquefaction temperature (425°C) in a fluidized sandbath. Following the liquefaction period (0.5 
h), the reactor was cooled and depressurized. Coal conversion was calculated from the solubility 
of the coal-derived products in tetrahydrofuran (THF) and in heptane as determined by a 
pressure filtration technique.' One experiment was conducted in a 1-L flow-through reactor to 
hydrogenate PANASOL. The conditions used in this reactor were 400 g PANASOL, lo00 ppm 
Mo as MoS,, 2,500 psig (17.2 MPa), 4 SCFH (0.11 Nm3/h) of H2/3%H,S, 425°C. and 0.5 h. 

Experiments were conducted by adding 6.6 g of 
PANASOL or tetralin to a 40-mL tubular microautoclave reactor. In experiments in which 
catalysts were used, 1000 ppm of Mo was added as high surface area Mo&. The reactor was 
charged with the desired pressure of hydrogen and sealed. The pressurized reactor was then 
rapidly (1-2 minutes) heated to the liquefaction temperature (425OC) in a fluidized sandbath. 
Following the liquefaction period (0.5 h), the reactor was cooled and depressurized. The liquid 
products were recovered from a THF rinse of the reactor. 

Analytical characterization of the products is discussed in a separate paper submitted to this 
symposium. 

Solvent Hydrogenation Studies. 
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Discussion of Results 

Solvent-Only System 

A series of tests was made to investigate the effect of pressure on solvent hydrogenation. 
Hydrogenation of PANASOL in the presence of a high surface area MoS, catalyst was studied 
in the microautoclave. The extent of hydrogenation was determined by hydrogen consumption 
from the gas phase, elemental analysis, combined gas chromatography-mass spectrometry (GC- 
MS), low voltage high resolution mass spectrometry (LVHRMS), and nuclear magnetic 
resonance (NMR). The % hydrogenation of the solvent is defined as the mol% naphthaknes 
converted to their corresponding tetralins. Figure 1 shows the levels of hydrogenation 
determined from the various techniques as a function of pressure. Also on Figure 1 are the 
equilibrium conversions calculated for the naphthakmdtetralin system at 425°C from the data 
reported by Frye and Weitkamps. The hydrogenation of PANASOL at loo0 psig (6.9 MPa) 
with no catalyst and the hydrogenation of PANASOL in the 1-L semi-batch reactor are also 
shown. As shown in Figure 1, the levels of hydrogenation observed in the microautoclave are 
significantly lower than the equilibrium for the naphthalene/tetralin system. However, 
hydrogenation was observed at pressures as low as 400 psig cold (2.8 MPa), 780 psig (5.4 MPa) 
at temperature. The results in Figure 1 illustrate the range of values of % hydrogenation 
obtained by the different analytical techniques. Finally, Figure 1 indicates that higher levels of 
hydrogenation are obtainable in the stirred I-L autoclave (with gas flow) than in the batch 
microautoclave, 

The reverse of this reaction, dehydrogenation of tetralin, was also studied in the 
microautoclaves. The dehydrogenation was done at different hydrogen pressures, 400 psig (2.8 
MPa) and loo0 psig(6.9 MPa), with and without a high surface area MoS, catalyst for 0.5 h at 
425°C. The yields of dehydrogenated compounds (naphthalenes) deterniined by gas 
chromatography with flame ionizationdetection (GC-FID) were < 1 .O% for 1000 psig (6.9 MPa) 
and no catalyst, 8.0% for 1000 psig (6.9 MPa) with Mas, and < 1 .O% for 400 psig (2.8 MPa) 
and no catalyst. The equilibrium distribution of naphthalene and tetralin at the higher pressure 
condition is (from Frye and Weitkamp) between 7.5 and 8.0 mol% naphthalene. The results 
indicate that significant levels of dehydrogenation were only observed with the catalyst present. 
The MoS, is quite effective for tetralin dehydrogenation and, in this case, equilibrium was 
reached from the tetralin side within the 0.5 h reaction time. 

Effect of Coal on Solvent Hydrogenation 

The effect of coal addition on the hydrogenation of PANASOL was studied in another series of 
microautoclave tests. The effect of adding 0 g, 0.1 g, 0.2 g, and 3.3 g of DECS-6 Blind 
Canyon coal on the amount of hydrogen taken up by the solvent in the presence of MoS, was 
investigated. The total amount of hydrogen consumed in these tests were 0.029, 0.026, 0.022, 
and 0.055 (0.052 and 0.055 in replicate tests) for 0, 0.1, 0.2, and 3.3 g coal respectively. Note 
that with no catalyst and no coal present, 0.006 moles of hydrogen was consumed and when 3.3 
g coal and no catalyst were present, 0.025 mol was consumed. Hydrogen consumption with 
0.1 g (0.026) and 0.2 g (0.022) coal was lower than when no coal was added or with 3.3 g coal. 
The relative rates of hydrogen consumption are also informative. In the absence of coal, total 
pressure fell gradually over the entire span of reaction time. In the presence of 3.3 g coal, the 
pressure dropped rapidly, then approached a limiting value, asymptotically less than when no 
coal was added. The rate of hydrogen consumption is presented in a figure in a separate paper 
at this sym~osium.~ Product inspection in the latter case indicated that 8 mol% of 
methyltetralins was formed, but 30 mol% was formed in the former case. 

The effect of added coal (3.3 g) on the hydrogenation of PANASOL to tetralins at different 
pressures was determined by LVHRMS. The results are summarized in Figure 2. Also shown 
on Figure 2 is the effect of pressure on the hydrogenation of PANASOL with no added coal. 
Considerably less hydrogenation of PANASOL was observed when coal was added. 

To distinguish whether the added coal was competing with the PANASOL for catalytic sites or 
if coal was suppressing catalytically active sites, THF washed catalyst (plus any residual 
insoluble coal) from the test using 0.2 g coal was added to a separate test with just PANASOL. 
The rate of hydrogen consumption was very similar to the original case in which 0.2 g coal was 
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added. Since solvent hydrogenation was diminished in the absence of added coal, it appears 
suppression rather than competition for active sites takes place. In a third test the catalyst was 
washed with THF and again added with PANASOL and 3.3 g DECS-6 coal. The overall coal 
conversions and rate of hydrogen consumption was the same as with fresh catalyst. This 
indicates that even though the activity of the catalyst for solvent hydrogenation was suppressed 
by the presence of coal, the catalyst remained effective for coal liquefaction and conversion. 
A separate paper that discusses this effect in more detail has been submitted to this se~s ion .~  

The effect of coal on MoS, catalyzed dehydrogenation of tetralin was also studied. The amount 
of hydrogen produced was determined by gas analysis. When no coal was present during the 
dehydrogenation of tetralin, under 1000 psig N, (6.9 MPa), 0.005 mol of hydrogen was evolved 
with no catalyst present and 0.050 mol of hydrogen was evolved with added MoS. Exposing 
the MoS, to 0.2 g of coal resulted in the evolution of 0.010 mol of hydrogen. It appears that 
the presence of coal also suppresses the dehydrogenation activity of the MoS, catalyst (though 
more hydrogen was evolved than with no catalyst added). Tetralin dehydrogenation was studied 
in the presence of 3.3 g of coal under 1000 psig (6.9 MPa) N,. With coal and no catalyst 
present, 0.003 mol of hydrogen was produced. With added MoS, in the presence of coal, 0.013 
mol of hydrogen was produced (about 4.3 times the amount produced with no catalyst). 
However, coal conversion to THF and heptane soluble products was similar for the two cases. 

Effect of Pressure and Solvent Quality on Coal Conversion 

The effect of varying the cold pressure from 200 to loo0 psig (1.4 to 6.9 MPa) on coal 
conversion with added MoS, catalyst was investigated. The conversion of coal to THF and 
heptane soluble product is shown in Figure 3. The results show that coal conversion is affected 
by pressure; however, higher conversions are observed at 400 psig cold (2.8 MPa) with catalyst 
than at 1000 psig cold (6.9 MPa) without catalyst. This indicates that the catalyst is effective 
even at pressures as low as 400 psig cold (2.8 MPa). Figure 4 presents the effect of pressure 
on C,-C, gas produced. As shown in Figure 4, higher amounts of gas were produced with 
increasing pressure (also increasing conversion). 

The effect of solvent quality on coal conversion with no added catalyst was investigated by 
varying the ratio of tetralin to PANASOL. These results are shown on Figure 5. Also shown 
in this Figure are the earlier results using added catalyst with 100% PANASOL at different 
pressures. In order to compare the magnitude of the catalytic (100% PANASOL) with the 
hydrogen donor (varying tetralin to PANASOL ratios) effect, a common basis was selected in 
the following way. The positioning of the catalytic data (obtained at different pressures with 
100% PANASOL) with respect to the x-axis was determined based on the observed amounts of 
tetralins produced from PANASOL as a function of pressure in tests with no coal added (from 
Figure 1). Thus, these estimates represent the maximum expected concentration of tetralins in 
the PANASOLlcoallcatalyst system that could be achieved by the end of the 0.5 h span of 
reaction. Using this as a basis, higher conversions of coal to soluble products are observed with 
added catalyst than with tetralidPANASOL mixtures. The differences become smaller as 
maximum THF conversion is approached in both systems. 

Effect of Catalyst Addition on Mixed DonorlNon-Donor Systems 

In non-catalytic experiments at 400 psig H, (2.8 MPa), hydrogen was transferred to the coal 
from the dehydrogenation of tetralin. With a mixture of 25% tetralin with 75% PANASOL as 
the solvent for DECS-6 coal, the hydrogen transferred to the coal was calculated based on the 
amount of tetralin converted to naphthalene (by LVHRMS) and the detected hydrogen in the gas 
phase. The calculated amount of hydrogen transferred to the coal was 0.011 mol (the total 
hydrogen produced from the tetralin was 0.015 mol). This level of hydrogen transferred was 
equivalent to the hydrogen transferred from the gas phase in catalytic cases with a non-donor 
at 300-400 psig H, cold (2 to 2.8 MPa). 

MoS, was added to a system containing a mixture of 20% tetralin and 80% PANASOL as the 
solvent for DECS-6 coal at 400 psig H, cold (2.8 MPa). Dehydrogenation of the tetralin 
produced 0.038 mol of hydrogen, and 0.024 mol of hydrogen were transferred to coal. 
Approximately 2.5 times the amount of hydrogen was produced from the tetralin than in the non- 
catalytic case, and 2.0 times the amount of hydrogen was transferred to the coal than in the non- 
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catalytic case. It is not clear whether the additional hydrogen was transferred to the coal by 
direct catalytic hydrogen transfer or catalytic dehydrogenation to the gas phase followed by 
catalytic hydrogenation of the coal. Note that the addition of catalyst to the mixed hydrogen 
donorinon-donor system resulted in higher coal conversion to THF soluble product than in the 
non-catalytic system (80% with a catalyst compared to 68% without a catalyst). 

Conclusions and Future Efforts 

The major results from this effort can be summarized as: 

1) Catalyst activity for coal conversion is observed at pressures as low as 400 psig (2.8 
MPa) . 

2) MoS, catalysts can act as effective dehydrogenation catalysts even under hydrogen 
pressures, therefore these catalysts may be effective for transferring hydrogen from 
solvents to coal. 

Production of C,-C, gases increases with increasing hydrogen pressure 

While coal can inhibit the activity of MoS, catalysts for solvent hydrogenation, the 
activity of these catalysts for coal conversion remains high after several passes in a coal 
liquefaction environment. 

3) 

4) 

Future tests are planned to investigate the interrelationship of solvent quality, pressure, and 
catalyst activity in an effort to reduce the overall pressure used in coal liquefaction. Based on 
the results obtained thus far, an appropriate combination of solvent quality and catalyst activity 
may allow significant reductions in the overall pressure of first stage coal liquefaction. 

Disclaim e r 

Reference in this report to any specific commercial product, process, or service is to facilitate 
understanding and does not necessarily imply its endorsement or favoring by the United States 
Department of Energy. 
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Figure 1. Effect of Reactor Pressure on PANASOL Hydrogenation 
in a Microautoclave at 425 OC with 1000 ppm Mo 
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Figure 3 Fffect of Pressure on DECS-6 Coal Conversion with 
JANASOL in a Microautoclave at 425 OC with 1000 ppm Mo 
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Figure 4 Effect of Pressure on C,-C, Produced in Microautoclave 
at 425 "C with 1000 ppm Ma using DECS-6 and PANASOL 
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Figure 5. Comparison of coal conversions in mixtures of 
tetralin/PANASOL with no catalyst to 100% 
PANASOL (at different pressures) with a catalyst. 
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PILLARED MONTMORILLONITE CATALYSTS FOR COAL LIQUEFACTION 
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ABSTRACT 
Pillared clays contain large micropores and have considerable potential for catalytic 
hydrogenation and  cleavage of coal macromolecules. Pillared montmorillonite-supported 
catalysts were prepared by the intercalation of polynuclear hydroxychromium cations and 
subsequent impregnation of nickel and molybdenum. Infrared and thermogravimetric 
studies of pyridine-adsorbed catalysts indicated the presence of both Lewis and Bronsted 
acid sites. Thus, the catalysts have both acidic properties tha t  can aid in hydrocracking 
and cleavage of carbon-heteroatom bonds as well as hydrogen-activating bimetallic sites. 
These catalysts were applied to the hydrodesulfurization and liquefaction of coal-derived 
intermediates. The reactions of model organosulfur compounds and coal liquids were 
carried out  at 3OO0-40O0C for 3 hours in the pi'esence of 1000 psi of molecular hydrogen. 
Reaction products were analyzed by GC/FT-IR/MS/AED. The catalysts have been found to 
be very effective in removing sulfur froin model compounds as well as liquefaction 
products. 

INTRODUCTION 
Catalytic functions required for coal liquefaction are hydrogenation of aromatics and 
hydrocracking of C-C bonds as well as C-S, C-0, and C-N bonds. Thus, metal or metal 
sulfide sites activate hydrogen for addition to aromatic rings or for hydrogen transfer 
reactions, and acidic sites are important for bond cleavage activity in coal liquefaction 
catalysts. High surface areas for the metal sulfide sites are desired for high activity; this 
can be achieved by dispersion of the metals on a supporting material with some acidic 
properties. 

Because of their acidic properties, smectite clays have been used as catalysts in petroleum 
cracking and various other reactions. Unfortunately, they dehydrate and collapse at 
temperatures above 200°C. New coal liquefaction catalysts being investigated at EERC 
utilize pillared clays as supports for the metal sulfide sites (1-3). h t o k  and others used a 
copper-pillared clay for coal liquefaction (4). In pillared clays, large polyoxymetal cluster 
cations are exchanged (intercalated) betwcen the negatively charged clay layers in place 
of the hydrated metal ions. When calcined to drive off the water, the polyoxymetal 
cations form pillars that maintain the clay layer structure, thus creating large spacings 
between the layers. These structures are stable to 450" and 500°C. Hypothetically, the 
micropore volumes will be large enough to accommodate macromolecules of the feedstock 
to be hydrocracked. Chromia-pillared clays, which have interlayer spacings somewhat 
larger than those present in alumina-pillared clays used in petroleum refining, have 
considerable potential for coal liquefaction. 

RESULTS AND DISCUSSION 
A survey of the catalytic hydrocracking activities of various derivatives of natural 
montmorillonite clay was conducted. These derivatives included both pillared and 
unpillared forms of the clay as well as the catalysts obtained by impregnating 
nickel-molybdenum sulfide on the pillared clay as a support. These tests were carried out  
in a rocking microreactor (tubing bomb) under 1000 psi of hydrogen at temperatures of 
300" to 400°C. Bibenzyl (1,2-diphenylethane), diphenyl sulfide, diphenyl ether, and other 
hydrocarbon compounds were utilized as substrates to model the structural moieties of the 
coal, especially the bridging groups believed to link the aromatic clusters. Some of the 
catalysts were then tested with first-stage coal liquids (low-severity Wyodak liquefaction 
product), and conversions to distillate materials were determined. 

To study the effects of acidic sites present on a clay, the concenrration of acidic sites on 
montmorillonite was maximized by converting the clay to an acid-exchanged form. This 
form of montmorillonite was prepared by washing the cleaned sodium form of the clay 
with.hydrochloric acid. The reaction of the acid-washed clay (AM) with bibenzyl a t  350°C 
gave a 75% conversion of bibenzyl, whereas a blank hydrogenation reaction of bibenzyl 
with no clay or catalyst gave only 1% conversion to toluene. The yield of benzene 
resulting from the clay-catalyzed hydrocracking test was only 34 wt%. The yields of 
ethylbenzene and toluene were very small (1.9% for each). A two-step reaction of the 
bibenzyl is  believed to occur, producing benzene and ethylbenzene in the first step, and 
ethylbenzene is further cleaved to benzene and ethane in the second step. Yields of the 
gas products such as ethane were not measured. Toluene i s  produced in a different type 
of reaction. The higher yield of benzene compared to toluene in the montmorillonite 
reaction indicates that Bronsted acid catalysis (ipso protonation mechanism) is more 
important in the reaction than Lewis acid catalysis (5, 6). Much of the bibenzyl was 
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converted to condensation products such as  phenylethylbibenzyl. These products are 
formed from addition reactions (Friedel-Crafts reactions) of the carbonium ion 
intermediates with bibenzyl or products. The large amounts of condensation products 
observed in the reaction of bibenzyl with the clay indicate that  the selectivity of the acid. 
washed clay for condensation versus cracking is poor. 

Chromia-pillared montmorillonite was prepared with two different concentrations of 
chromia pillars. The low-concentration chromia-pillared clay (LCPC) gave a n  80% 
conversion of bibenzyl, but as with the acid-washed clay, low yields of benzene (27 wt%), 
toluene (1 wt%), and ethylbenzene (3 wt%) were obtained from hydrocracking. 
Condensation products were abundant in the reaction products, indicating poor selectivity 
for hydrocracking. Results with the clay having a high concentration of chromia pillars 
(HCPC) gave somewhat higher conversion (93%) and more benzene (47 wt%). Formation 
of wclohexanes by single-ring hydrogenation reactions was not observed with either of the 
chromia-pillared clays or with the unpillared acid-washed clay. 

Nickel and molybdenum were impregnated in the high chromia-pillared clay and sulfided 
to give the active clay-supported catalyst (NMHCPC), and the hydrotreatment reaction 
with bibenzyl was conducted to determine its effectiveness. A conversion of 91% was 
achieved at 350°C. This conversion is significantly better than the 64% conversion 
obtained with the high-chromia-pillared clay support, which did not contain the nickel and 
molybdenum catalyst. The conversion increased to 99% when the reaction was carried out 
a t  400°C. 

The products from the reactions of bibenzyl catalyzed by the NMHCPC were found to be a 
mixture of aromatics and cycloalkanes. The major products were benzene and 
ethylbenzene, and the minor products were cyclohexane, methylcyclohexane, and 
alkylbenzenes. These products resulted from hydrocracking. as  well as from 
hydrogenation of the aromatic compounds. In contrast to the reactions carried out with 
HCPC, the amounts of oligomeric condensation products formed during the reaction with 
NMHCPC were negligible. From these data, we conclude that the introduction of nickel 
and molybdenum has moderated the activity of the support so that  selectivity for 
hydrocracking relative to condensation is obtained. The high conversion may be 
attributed to bimetallic sulfide activation of hydr,ogen to effect a t  least partial 
hydrogenation of the aromatic rings. Activation energies for bond cleavage reactions may 
be lower in the reduced intermediates. Carbonium ion intermediates are more easily 
reduced by hydride transfer reactions from the hydrogenated intermediates or dissociated 
hydrogen on the metal sulfide. Thus, the carbonium ions are rapidly reduced and do not 
survive long enough to undergo addition reactions to aromatic rings that  result in 
condensation and coking. 

Reactions of the IXPC with other alkylbenzenes were investigated to determine if the 
reactions were consistent with the proposed carbonium ion mechanism. Isopropylbenzene 
(cumene) reacted very rapidly, giving 100% conversion. Benzene was the major product. 
The more rapid reaction is expected for a reaction involving cleavage of the aryl-alkyl 
bond of the ipso-protonated ring intermediate to give the secondary isopropyl carbonium 
ion plus benzene. The reaction with phenyldecane occurred with 81% conversion to give 
benzene as the major product. A large number of various alkylbenzene and indan 
products were formed in the reaction as a result of carbonium ion rearrangements and 
cleavage reactions. Cyclohexanes were not observed in the reaction products, 

Although single aromatic rings were not hydrogenated by the clay supports, it was 
interesting to find out whether multiring aromatic systems could be hydrogenated as they 
are with other acid catalysts such as zinc chloride. Thus, pyrene was reacted with the 
chromia-pillared montmorillonite to determine if acid-catalyzed hydrogenation of the 
multiring systems could be effected. The conversion of pyrene to a hydrogenated pyrene 
mixture was found to be E%, which is considerably less than tha t  observed for zinc 
chloride catalysts. For catalysts containing molybdenum and other transition metals, 
hydrogenation of multiring systems occurs readily. The reaction with pyrene at 350°C 
did not result i n  hydrocracking or reaxmgttments of the pyrene or hydropyrene rings to 
phenanthrene or other ring systems. 

Reactions of diphenyl sulfide were extensively investigated in order to determine the 
effects of pillaring and nickel molybdenum sulfide loading on hydrodesulfurization 
activities. The acid-exchanged form of montmorillonite gave a 99+% conversion a t  
300°C. The products were benzene and thiophenol in a molar ratio of 9.3:l. The 
relatively high benzene-to-thiophenol ratio shows that  the catalyst is effective in cleaving 
both carbon-sulfur bonds of the diphenyl sulfide; that  is, the thiophenol intermediate is 
further converted to benzene and hydrogen sulfide. The blank hydrogenation reactions of 
diphenyl sulfide carried out with no clay or catalyst present resulted in conversions of 1 % 
at 300°C and 10% a t  400°C. The excellent conversion obtained with the acid-exchanged 
clay may be attributed to the high acidity of the catalyst. The anionic aluminosilicate 

703 



layers of the clay may also have some ability to stabilize cationic intermediates prior to a 
reduction step in the hydrodesulfurization mechanism. 

The catalytic activity of sodium-exchanged montmorillonite was also tested a t  300°C with 
diphenyl sulfide, and a conversion of only 11 % was obtained. Both benzene and 
thiophenol were formed (molar ratio of 6.9:l). The sodium-exchanged clay has some 
residual Bronsted acidity from the polarization of the water of hydration of the sodium 
cations and the hydroxyl groups of the clay layers. 

Our hydrodesulfurization studies were then extended to the chromia-pillared 
montmorillonites. Hydrogenation of diphenyl sulfide with the LCPC resulted in a 
conversion of 95% to benzene and thiophenol in equimolar amounts. The high conversion 
can again be attributed to the high Bronsted acidity of the pillared clay. Catalytic acidic 
sites may be present on the polyoxychromium cation pillars, since they retain some 
hydroxyl functionality (7). 

Formation of equal moles of benzene and thiophenol in the pillared claycatalyzed reaction 
suggests tha t  cleavage of only one carbon-sulfur bond of the diphenyl sulfide occurred. In 
order to determine if the second carbon-sulfur bond can actually be cleaved in this 
catalytic system, a reaction of thiophenol was carried out with LCPC under the same 
conditions used for diphenyl sulfide. Analysis of the reaction products showed 95% 
conversion of the thiophenol to benzene. These results suggest that during the 
hydrogenation of diphenyl sulfide, the acidic sites in the clay may be poisoned by the 
hydrogen sulfide product. Further studies a t  higher temperatures are in progress to 
determine whether the deactivation can be reversed. 

The HCPC was also tested in the reaction with diphenyl sulfide. This catalyst gave a 
conversion similar to tha t  obtained with the LCPC, but a much higher molar ratio of 
benzene to thiophenol (12:l) was found in this test. Thus, the final step of the reaction, 
which involves hydrogenolysis of the thiophenol, proceeded much more completely with 
the HCPC catalyst. 

Hydrotreating diphenyl sulfide with the NMHCPC catalyst resulted in a 98% conversion. 
A nearly quantitative amount of benzene was formed with only a trace of thiophenol and 
a small amount of cylcohexane from reduction of the benzene. 

Coal liquefaction tests were carried out with the low-severity product from Wyodak 
subbituminous coal (LSW) and 1000 psi hydrogen a t  400°C in rocking microreactors 
without added solvent, and the product was distilled to determine the conversion of the 
nonvolatile portion of the LSW to distillate. Acid-washed clay, pillared clay supports, and 
NMHCPC catalyst, as well as a commercial silica-alumina-supported Ni-Mo catalyst, gave 
results paralleling the reactions with the test substrates described above. With a 
commercial nickel-molybdenum (HDN) catalyst, the conversion to distillate was only 20% 
under the conditions used. The LSW in the presence of acid-washed montmorillonite gave 
a conversion of 10%. The LCPC and HCPC with LSW gave very poor conversions (2% and 
8% respectively) to distillate. Thus, the supports by themselves are evidently too acidic or 
too nonselective to be useful for coal liquefaction. But addition of metal sulfides to the 
support modifies this behavior substantially. A conversion of 29% to distillate was 
obtained for the NMHCPC catalyst. This is a significant improvement over the 
conversion obtained with the commercial catalyst. Further testing is required to 
determine whether the catalysis is actually occurring in the interlayer micropores or 
simply on the outer surface of the clay. Higher conversions of the LSW to distillate were 
reported earlier for montmorillonite-supported zinc chloride catalyst (1). Zinc chloride 
complex catalysts are exceptionally active and efficient in cracking coal, but suffer some 
disadvantages such as deactivation and emission of hydrogen chloride in the presence of 
sulfur. 

CONCLUSION 
Hydrotreatment of first-stage coal liquids and model compounds with a selection of acidic 
and pillared clays with and without incorporated bimetallic hydrogenalion catalysts 
showed tha t  the combination of support acidity and hydrogen activation catalysis was 
effective in cleaving C-S and aryl-alkyl bonds and hydrocracking coal materials. Some 
differences in the activities of the support were noted that depended on the nature and . 
concentration of oxymetal ion used in pillaring the clay. Further efforts are needed to 
clearly understand these differences. 
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TABLE 1 

Catalytic Hydrocracking of Bibenzyl 
(1000 psig hydrogen pressure, 350°C, 3 hr, catalyst wtlsubstrate wt = 0.5) 

Catalyst Conv. o/c Yield of Products, wt% 

None 1 Toluene (trace) 

AM 

LCPC 

HCPC 

NMHCPC 

75 Benzene (34.1) 
Toluene (1.9) 
Ethylbenzene (1.9) 

Toluene (1.0) 
Ethylbenzene (3.4) 

Ethylbenzene (3.6) 

2- and 3-ring (46.8) 

80 Benzene (27.3) 

93 Benzene (47.1) 

91 1-ring (49.1) 

NMHCPC* 99 1-ring (76.2) 

* At 400°C. 

2- and 3-ring (23.1) 

TABLE 2 

Catalytic Hydrotreating of LSW 

Product (%) 

Catalyst THF-I THF-S Distillate Actual Distillate 

AM 20.0 46.0 28.0 10.0 

HDN* 14.3 49.6 35.0 20.0 

HCPC 29.4 27.6 26.3 8.0 

NMHCPC 6.0 46.0 43.0 28.8 

THF-I = Tetrohydrofuran - insoluble 
THF-S = Tetrohydrofuran - soluble 
HDN* = Commercial Nickel-Molybdenum catalyst 

i 
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ABSTRACT 
Synthetic clays with nickel substitution in the lattice structure are highly active catalysts 
for hydrogenation and hydroisomerization and, consequently, have considerable promise 
for the catalytic upgrading of coal liquids. Nickel-substituted synthetic mica 
montmorillonite (NiSMM) was prepared and subsequently impregnated with molybdenum 
and sulfided. The reaction of model compounds with these catalysts in the presence of 
hydrogen has been investigated to provide mechanistic models for coal liquefaction. The 
results indicate that NiSMM has active Bronsted acid sites for hydrocracking and 
hydroisomerization. The hydrogen-activating ability of the molybdenum and nickel 
sulfide sites proximate to the acid sites results in effective depolymerization catalysis. 

INTRODUCTION 
Acid smectite clays have been used as catalysts in petroleum-cracking and various other 
reactions. Unfortunately, they dehydrate and collapse a t  temperatures above 200°C. In 
pillared clays, intercalation of hydroxylated or complexed metal cations maintains the 
clay layer structure after loss of water and generates large micropore volumes. These 
structures are stable to 450" and 500°C. The alumina cluster-pillared clays are effective 
supports for use in hydrogenation and hydrocracking catalysis as well as in coal 
liquefaction (1-3). Chromia-pillared clays with even larger pore spacings have 
considerable potential for upgrading large coal macromolecules (4). Schobertand others 
reported copper-impregnated montmorillonite was effective for catalysis of coal 
liquefaction (5). 

Synthetic clays were reported to be more active catalysts than natural clays (6-8). 
Synthetic mica montmorillonite (SMM) containing cobalt or nickel or another hydrogen- 
activating component dramatically improves the hydrocracking and hydroisomerization 
activity (9-12). Exactly how the activity is enhanced is not known (13). In the EERC 
catalyst program, a selection of synthetic clays with and without incorporated hydrogen- 
activating components were tested for coal liquefaction as well as with model compounds. 
The catalysis of C-S and alkyl-aryl bond breakage as well a s  arene hydrogenation and 
hydroisomerization of n-alkanes was investigated. 

EXPERIMENTAL 
Catalyst PreDaration. NiSMM was prepared by the procedure of Heinerman and others 
(14). SMM was prepared by the procedure from the French patent (15). 

Preuaration of Clav-Suuuorted Molvbdenum Catalysts. The synthetic clays were loaded 
with 5 wt% molybdenum using the incipient wetness method. Ammonium molybdate 
tetrahydrate (0.046 g) was dissolved in 50 mL of deionized water. To this solution 0.5 g of 
desired clay was added and stirred overnight. The solvent was removed by evaporation, 
and the resulting product was calcined in air a t  350°C for 6 hours. 

Sulfidation. The catalyst was placed in a 12-mL microreactor. The reactor was evacuated 
and pressurized with 200 psi of hydrogen sulfide. The reactor was placed in a rocking 
heater preheated to 350°C. The heating was  continued for 3 hours. The reactor was 
cooled to room temperature, degassed, and opened. The catalyst was recovered and stored 
in airtight bottles. 

Reduction. Nickel-substituted synthetic mica montmorillonite was reduced in hydrogen 
(1000 psi) a t  450°C for 16 hours. The reduction was carried out in a microreactor heated 
in a rocking heater as described above. 

Catalytic Reactions. In a typical run, 0.5 g of model compound and 0.25 g of the catalyst 
were placed in a tubing bomb (12-mL microreactor). The microreactor was evacuated, 
pressurized with 1000 psig of hydrogen, and placed in a rocking autoclave heated to 
desired temperature. The heating was continued for 3 hours. At the end of the reaction 
period, the microreactor was cooled in a dry ice-acetone slurry, degassed, and opened. 
The desired amount of the internal standard was added to the product slurry, and the 
product sluny was transferred into a centrifugation tube by washing with methylene 
chloride and the solid catalyst removed by centrifugation. The liquid sample was 
analyzed by gas chromatography(GC)/flame ionization detection(F1D) and GClFourier 
transformation infrared (FT-IR)/mass spectroscopy (MS). The solid was dried in vacuum at  
110°C for 3 hours, 
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RESULTS AND DISCUSSION 
Synthetic mica montmorillonite (SMM) and nickel-substituted synthetic mica 
montmorillonite (NiSMM) were prepared and used as supports for molybdenum sulfide. 
Both the synthetic clays and the molybdenum-loaded catalysts were tested for 
hydrocracking, hydrodesulfurization, hydroisomerization, and hydrogenation activities 
using bibenzyl, pyrene, dibenzothiophene, and p-cresol as test substrates. 

Bibenzvl Cracking. The synthetic clay support materials were tested to determine their 
reactivities prior to molybdenum incorporation. The reaction of bibenzyl with synthetic 
mica montmorillonite (SMM) gave a very small conversion of bibenzyl into products. 
However, in the nickel-substituted SMM, where octahedrally coordinated aluminum ions 
were replaced by nickel ions, the hydrocracking activity increased considerably. The 
reaction of bibenzyl with NiSMM catalyst converted 67% of bibenzyl into lighter products. 
Major products were benzene and ethylbenzene. Formation of these products is indicative 
of a carbonium ion mechanism catalyzed by Bronsted acid sites (16). This mechanism 
proceeds via ipso protonation followed by cleavage of the aryl-alkyl bond to form the 
phenylethyl carbonium ion intermediate. The carbonium ion is then reduced to the alkyl 
group. Ethylbenzene is further cracked to benzene via the same steps, the extent 
depending on the activity of the catalyst. The formation of toluene may have been Lewis- 
acid catalyzed. In addition to these products, a very large number of other products in 
much smaller concentrations were also observed. Detailed characterization of these 
products is under investigation. These products may have been formed from the 
hydrogenation, hydroisomerization, or ring-opening reactions. No oligomeric material was 
observed. 

NiSMM was reported to have activity comparable to that of zeolites. I t  was suggested 
that nickel-substituted clays crystallize in smaller platelets, resulting in more exposed 
edges and, consequently, higher surface area and increased activity (13). Based on the 
FT-IR measurements of adsorbed ammonia on NiSMM, it has been shown that the 
number of Bronsted acid sites increases following Ni reduction (14, 17). These newly 
created acidic sites are responsible for the increased activity of NiSMM compared with 
SMM in which no nickel is substituted for AI3' in the octahedral sites. Robschlager and 
others (17) reported that for this catalyst to be active for the isomerization of pentane, 
lattice Ni2+ has to be reduced to zero-valent nickel, and the activity of the catalyst 
decreased when metallic nickel was removed by treatment with carbon monoxide. In 
contrast, the bibenzyl hydrocracking data for the reduced NiSMM indicates that the 
activity of the catalyst did not change significantly with reduction of Ni2+ to metallic 
nickel. In fact, a slight decrease in the catalytic activity was seen for the reduced 
catalyst. However, reduction of the Ni2' during hydrotreating cannot be ruled out. 

Sulfidation of the NiSMM gave a substantial increase in catalytic activity for 
hydrocracking. The reaction of bibenzyl with presulfided NiSMM gave significantly 
higher conversion (82%) than NiSMM. The product distribution was similar to that of 
NiSMM reaction. Small amounts of benzene and alkylbenzenes were converted into 
cyclohexane and cycloalkanes probably by NiS-catalyzed hydrogenation of the single 
aromatic rings. The increase in hydrocracking activity on sulfidation might be attributed 
to a facilitation of the addition of hydrogen to some intermediate involved in hydrogen 
(hydride) transfer, but further work is required to fully understand the nature of the 
catalytic activity in the NiSMM catalysts. 

The reaction of bibenzyl with SMM- and NiSMM-supported MoS, gave significantly higher 
conversions (34% and 92%, respectively) of bibenzyl into products. Major products were 
found to be benzene, toluene, and ethylbenzene. Small amounts of cyclohexane, methyl 
cyclohexane, and ethyl cyclohexane were also formed. A significant portion of the 
bibenzyl was reduced to benzylcyclohexane and other hydrogenated products, but no 
oligomeric products were formed. Extensive conversion to isomeric aliphatic compounds 
also occurred. The conclusion from the hydrocracking experiments is that the NiSMM is 
a very active support for the molybdenum sulfide and the combination has high activity 
as a hydrogenation, hydrocracking, and hydroisomerization catalyst. 

Almost quantitative amounts of catalyst were recovered at  the end of each reaction. 
Unlike highly acidic zeolite catalysts, these catalysts do not catalyze retrogressive 
reactions or coke formation (18). 

Hvdrogenatlon of l'vrene. Pyrene was used as a test compound to investigate 
hydrogenation activity of NiSMM catalysts. The reactions were carried out by heating 
pyrene and the desired catalyst a t  350°C for 3 hours in the presence of 1000 psi of 
molecular hydrogen. The effects of sulfiding the NiSMM and supporting the (MoS,) 
hydrogenation catalyst on NiSMM were also investigated. 

The reaction of pyene  with NiSMM gave a high conversion (90%) of pyrene into 
hydrogenated products. The majority of the products were di-, hexa-, and 
decahydropyrenes. Small amounts of hexadecahydro- and tetrahydropyrenes were also 
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formed. Numerous other components were formed by hydrocracking and rearrangement 
reactions. 

The synthetic clay-supported MoS, catalyst gave similar high conversions of pyrene, and 
the product distribution w a s  changed. Much more of the decahydropyrene (three isomers) 
and hexadecahydropyrene (three isomers) were formed, owing to the increased activity for 
hydrogenation of the di- and monoaromatic intermediates. The products also included 
those formed by rearrangement and hydrocracking reactiohs. 

The commercial nickel-molybdenum catalyst (HDN.30) gave a lower conversion of pyrene 
(69%). Yields of the hexadecahydropyrene and decahydropyrene products were 
considerably lower than those obtained with either the NiSMM or MoS,-NiSMM catalysts, 
but the dihydropyrene component was greater. 

A reaction of pyrene with NiSMM was also carried out a t  400°C. As expected, the 
conversion was lower because of the lower equilibrium constant at the higher 
temperature. The yields of the hexadecahydropyrene and decahydropyrene were low, but 
somewhat more cracking occurred. 

Heteroatom Removal from Model Comuounds. The hydrodeoxygenation, 
hydrodesulfurization, and hydrodenitrification activities of NiSMM were investigated by 
using p-cresol, dibenzothiophene, and quinoline as test substrates. The reactions were 
carried out a t  400°C for 3 hours in the presence of 1000 psi of molecular hydrogen. 
Relevant analytical data are given in Table 1. 

The reaction of p-cresol with NiSMM gave a high conversion (83%) of the substrate into 
many hundreds of products. Some of the major components are reported in Table 1. The 
reaction of p-cresol gave considerable amounts of 0- and m-cresols, which could have been 
formed by acid-catalyzed rearrangement reactions. Toluene and methylcyclohexane were 
also major products. The reaction of dibenzothiophene also gave hundreds of products, 
including methylcyclopentane, benzene, toluene, ethylbenzene, and biphenyl as the major 
products. Quinoline gave tetrahydroquinoline, alkylbenzenes, aniline, and 
methylpyridine as the major products. 
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TABLE 1 

Hydrocracking and Hydrogenation Activity of Synthetic Clays 
Reaction Time = 3 h, H, = 1000 psi 

Catalyst wtlsubstrate wt = 0.5 

Temperature, Substrate, Major Products, 
Catalyst "C mmol Conv., ??, mmol 

i 

\ 

SMM . 350 

NiSMM 350 

Reduced 350 
NiSMM 

Sullided- 350 
NiSMM 

Sulfded- 350 
MoSMM 

Sulfded- 350 
MoNiSMM 

Sulfided- 350 
NiSMM 

Sulfided- 350 
HDN-30 
Ni.Moly 

Sulfided- 400 
NiSMM 

Sulfided- 350 
NiSMM 

Sulfided- 400 
NSMM 

Sulfded- 400 
NiSMM 

Sulfided- 400 
NiSMM 

DBT = Dibenzothiophene. 
BB = Bibenzyl. 

BB (2.71) 

BB (2.72) 

BB (2.79) 

BB (2.75) 

BB (2.89) 

BB (2.80) 

Pyrene (2.43) 

Pyrene (2.47) 

Pyrene (2.66) 

92 

90 

69 

65 

Naph. (3.98) 

p-Cresol (4.66) 

DBT (2.78) 

Quinoline(4.11) 87 

Benzene (0.03) 
Toluene (0.03) 
Ethylbenzene (0.01) 

Benzene (1.46) 
Toluene (0.11) 
Ethylbenzene (0.41) 

Benzene (1.29) 
Toluene (0.13) 
Ethylbenzene (0.45) 

Benzene (1.84) 
Toluene (0.02) 
Ethylbenzene (0.65) 

Benzene (0.05) 
Toluene (0.05) 
Ethylbenzene (0.05) 
Cyclohexane (0.08) 

Benzene (1.18) 
Toluene (0.10) 
Ethylbenzene (0.40) 
4,5-Dihydropyrene (0.21) 
Methylcyclohexane (0.14) 
Ethylcyclohexane (0.10) 
Tetralin (0.15) 

Hexadecahydropyrene (0.07) (3 isomers) 
Decahydropyrene (0.36) (3 isomers) 
1,2,3,3,,4,5-Hexahydpyrene (0.26) 
1,2,3,6,7&Hexahydropyrene (0.38) 
4,5,9,10-Tetrahydropyrene (0.06) 

Hexadecahydropyrene (0.03) (3 isomers) 
Decahydropyrene (0.12) (3 isomers) 
1,2,3,3,,4,5.Hexahydropyrene (0.21) 
1,2,3,6,7,8-Hexahydropyrene (0.45) 
4,5,9,10.Tetrahydropyrene (0.24) 
4,5-Dihydropyrene (0.64) 

Hexadecahydropyrene (trace) 
Decahydropyrene (0.05) (3 isomers) 
1,2,3,3,,,4,5-Hexahydropyrene (0.13) 
1,2,3,6,7,8-Hexahydpyrene (0.17) 
4,5,9,1O-Tetrahydropyrene (0.06) 
4,5-Dihydropyrene (0.41) 

Tetralin (2.18) 
Benzene (0.04) 
Toluene (0.02) 
Indan (0.02) 

Toluene (0.17) 
Methylcyclohexane (0.16) 
ni-Cresol (0.74) 
o-Cresol (1.90) 

Methy!cyclopentnnc (0.26) 
Benzene (0.28) 
Toluene (0.10) 
Ethylbenzene (0.14) 
Biphenyl (0.13) 

C,.benzene (0.25) 
Tetrahydroquinoline (0.10) 
Aniline (0.20) 
Methylpyridine (0.10) 
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MODEL REAmIONS AS A MEASURE OF MoS, ACTMTY 

Karl T. Schroeder, Bradley C. Bockrath, Ronald D. Miller 
U.S. Department of Energy, Pittsburgh Energy Technology Center, P.O. Box 10940, 

Pittsburgh, PA 15236 

ABSTRACT The activity of dispersed molybdenum sulfide liquefaction catalysts was 
studied using a high-temperature (<400OC), low-pressure (1400 kPa) micro-flow reactor. 
Model compounds were introduced by one of three methods: injection, continuous flow, or 
injection into a continuous flow. The dehydrogenation of tetralin, the hydrodesulfurization 
of benzothiophene, and the hydrodeoxygenation of benzofuran were used as examples of 
reaction types thought to be important for coal conversion. Transient effects, such as the 
adsorption of the model compound, could be seen in the injection mode of operation. 
Under steady-state flow conditions, the catalytic conversion of the reactant could be 
measured. Injection into the continuous flow demonstrated transient and longer lasting 
effects of quinoline on the catalytic activity. Two dispersed MoS, catalysts were compared 
in terms of their activity, selectivity, and sensitivity to temperature change. 

INTRODUCTION This work employed the known catalytic reactions of model compounds 
to compare the effectiveness of two dispersed MoS, liquefaction catalysts. The HDS of 
benzothiophene, the dehydrogenation of tetralin, the reaction of benzofuran, and the effect 
of quinoline on activity were used as the basis of the comparison. The reaction mechanisms 
of these and other model compounds under hydroprocessing conditions have been critically 
reviewed recently.' One of the catalysts studied was a MoS, sample recovered as part of 
the residue from a liquefaction experiment; the other was a MoS, formed under dispersing 
conditions in the absence of coal. This work used a packed column heated in the oven of 
a GC as a reactor. Although only low hydrogen pressures could be employed, the GC was 
used to differentiate transient from steady-state behavior and allowed for the rapid 
adjustment of reaction temperature. This provided an experimental technique which 
allowed kinetic data to be obtained within a reasonable time period. 

EXPERIMENTAL A Hewlett-Packard 5890 gas chromatograph was used as the basis for 
a high-temperature, low-pressure reactor. A packed column injection port was used to 
.provide a large volume for the expansion of the vaporizing model compound solution. The 
catalyst was packed into a stainless steel tube and connected to the injector. The amount 
of catalyst or catalyst-containing residue was adjusted to give 90 mg of molybdenum in the 
reactor. Reactor pressures up to about 400 kPa of hydrogen were obtained by adding 
lengths of metal-clad capillary tubing to the end of the reactor. The total effluent flow was 
monitored using the Hewlett-Packard TCD detector. Model compound solutions were 
injected into the hydrogen carrier gas in the usual manner except that a slow injection speed 
was used. Reactants and products were recovered by condensation upon exiting the reactor. 
The eluant was analyzed by GC-FID and/or GC-MS to determine the identity and quantity 
of the products. An alternative method of introducing the model compound solution used 
a Hewlett-Packard Series 1050 pump to provide a continuous stream of solution. In a third 
type of experiment, a pulse of material was injected into the continuous stream. Regardless 
of the technique used to introduce the sample, all of the material was vaporized in the 
injection port of the GC before entering the reactor. Three types of catalytic materials have 
been studied. The first was a coal liquefaction residue recovered from a batch reaction 
which had been prepared using a Blind Canyon coal (DECS-17). The residue (IK87-5) 
contained 50% by weight MoS,. The remaining 50% was coal ash and organic matter 
insoluble in THF. Recycling IK87-5 in a second liquefaction experiment with fresh coal 
showed it was still active for coal conversion and hydrogen up-take. Only a preliminary 
report has appeared on this material: but its preparation and recycle activity are similar to 
those found for an Illinois No. 6 coal? IK87-5 was used as an example of a used dispersed 
catalyst. The second material was an MoS, formed by heating ammonium molybdate and 
tetralin under liquefaction conditions but in the absence of coal or other added solid support 
(BCP-287). It was used as an example of a fresh, dispersed catalyst. Third, a commercial 
(Harshaw 0402T) alumina-supported CoMo catalyst was sulfided in situ using injections of 
dimethyldisulfide into the flowing hydrogen. To date, the majority of the work has been 
done using the first catalyst. 

RESULTS AND DISCUSSION The three methods of sample introduction provide 
different types of information. The injection technique provides a limited amount of 
material which passes through the reactor as a nearly Gaussian-shaped peak. Strong 
adsorption on the catalyst and/or support may appear as a peak tail if desorption is fast 
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dat ive  to the time the material is in contact with the catalyst, or as a loss of peak intensity 
due to material losses if the desorption is relatively slow. Although significant peak tailing 
W a s  not seen in our experiments, the preferential loss of material from some samples was 
seen. Materid balances were determined by quantitative GC analysis of the condensed 
eluant. The preferential adsorption of diphenylether from injections of a 10% solution in 
n-undecane is shown in Figure 1. The recovered material contained n-undecane, diphenyl- 
ether and a small amount of benzene amounting to about 3% of the diphenylether injected. 
NO phenol was detected. The recovery of undecane in these experiments averaged 90% and 
was fairly constant from injection to injection. In contrast, the diphenylether recovery 
ranged from 65% to 80% and appeared to increase with injection number. A similar though 
less severe loss of a different oxygenate was seen when aliquots of a 10% solution of 
benzofuran were injected under the same conditions. In this case, the undecane recovery 
was 97% while the benzofuran recovery was only 91%. Although the loss of oxygenate in 
the presence of catalysts dispersed in coal solids has been fairly small, the extent of 
adsorption can become large in some cases. This can be seen in Figure 2 where the loss 
of benzofuran is shown for a commercial supported catalyst. In these experiments, 
benzofuran was introduced as 10 L injections of a 10% solution, 5 p L injections of the neat 
material, or 10 p L  injections of the neat material. The three sets of data form a single 
curve showing increased recovery as a function of the total amount of benzofuran injected. 
Thus, the catalyst appears to adsorb only a certain amount of model compound. Once its 
capacity has been reached, no further adsorption occurs. Such phenomenon may be 
important for the proper interpretation of batch data, especially when the amount of model 
compound is comparable to the amount the catalyst can adsorb. However, they would be 
expected to disappear in flow experiments where steady-state can be attained. This is the 
second type of experiment conducted with this reactor. 

Steady-state flow conditions were attained by continuously introducing the model compound 
solution into the injection port of the GC using an HPLC pump. Flows of less than 
20 p L/min were necessary to prevent overloading the packed-column injection. port. 
Injector overload caused a decrease in recovery. A similar effect is seen when too much 
material is injected into an analytical gas chromatograph: In addition to alleviating the 
problem associated with model compound adsorption, steady-state operation allows for 
kinetic measurements. For example, the conversion of tetralin to naphthalene at 400°C in 
the presence of residue IK87-5 is shown in Figure 3. At the lowest flow rate of 2 pL/min, 
a naphthalene yield of nearly 15% was obtained, well above the amount attributable to a 
thermal reaction. Increasing the flow rate produced less conversion and the rate appears 
to be first order in tetralin. Similar measurements at 375°C and 350'C were used to 
determine the temperature coefficient for the reaction. Avalue of 300 kj/mol was obtained. 
Thermolysis reactions typically have values of this magnitude. 

Benzothiophene was also used as a model compound to investigate the effectiveness of the 
residue for HDS reactions. A solution containing 1% benzothiophene yielded recovered 
starting material along with ethylbenzene as its only product. No styrene was detected in 
any of the product solutions. When the initial concentration of benzothiophene was raised 
to lo%, an additional product was also found. The material produced a mass spectrum 
consistent with dihydrobenzothiophene, GH,S. The recoveries of the benzothiophene and 
its two products are shown in Figure 4. The amount of GH,S obtained in these experiments 
decreased with increasing residence time. The presence of dihydrobenzothiophene has been 
observed in somesr6, but not all' reports on the MoS, catalyzed HDS of benzothiophene. 
Benzothiophene desulfurization by a molybdenum naphthenate derived material has been 
proposed to follow a pathway dominated by the initial hydrogenation to form dihydrobemo- 
thiophene? 

In the third type of experiment, an injection of a second material is made into a steady flow 
of model compound in solution. An example of this type of experiment is shown in Figure 5 
where the TCD trace resulting from injections into a flowing solution is simulated. The 

continuous flow of 1% benzothiophene in tetralin are displayed in Figure 6 .  The first three 
determinations in Figure 6 correspond to samples taken on the plateau prior to the first 
injection of quinoline, roughly between 50 and 100 time units in Figure 5. These 

50% and the overall material balance to be 91%. The fourth determination results from 
the collection of the material that elutes with the quinoline pulse from about 110 to 130 
time units. The quinoline recovered from the pulse amounted to 80% of that injected. No 
tetrahydroquinoline or further reduchon products were detected. The major effect of the 

c 

/ recovey data from experiments in which a 10% solution of quinoline was injected into a 

determinations consistently gave the conversion of benzothiophene to ethylbenzene to be 
i 
I 

i 
I 
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pulse was to inhibit the production of ethylbenzene. The total recovery of benzothiophene 
remained constant but the proportion of HDS product decreased to less than 43%. 
Determination 5 represents a sample taken on the plateau after the quinoline pulse had 
passed, roughly in the area of 150 to 175 time units. This sample contained neither 
quinoline nor its reduction products. Figure 6 shows that the conversion of benzothiophene 
to ethylbenzene had regained about half of the activity lost during the pulse but had not yet 
fully recovered. Sample 6 contained the material eluting with the second pulse of quinoline 
and sample 7 contained the material eluting on the plateau after the quinoline pulse. The 
same results as were obtained with the first pulse are repeated in the second pulse. This 
indicates that at least two mechanisms of nitrogen base inhibition are operative in this 
residue. Competitive inhibition in which the quinoline competes with the benzothiophene 
for adsorption at catalyst active sites may account for a portion of the lost activity seen 
during the pulse. However, the loss in activity that persists after the quinoline pulse has 
passed more likely arises from a poisoning of catalyst HDS sites by the base. This poisoning 
is thought to result from an adsorption mechanism similar to that seen for the diphenylether. 

In summary, the liquefaction residue IK87-5 has shown only moderate catalytic activity in 
the model compound studies. Dehydrogenation and HDS reactions occurred but were 
significant only when the reaction temperature approached 400°C. Adsorption of 
heteroatom species occurred and, in the case of quinoline, appeared to be associated with 
a loss in catalytic activity. The temperature coefficient for the dehydrogenation was quite 
large and may reflect a thermal rate limiting step. 

Work using the fresh, dispersed catalyst BCP-287 is just beginning. Preliminary results 
indicate much higher rates of tetralin dehydrogenation and benzothiophene HDS than were 
seen with the liquefaction residue. 

CONCLUSIONS Model compound reactions have been used to investigate the catalytic 
actiVity of a coal liquefaction residue. The poor dehydrogenation effectiveness of the 
residue makes it a poor candidate for a hydrogenation catalyst at higher hydrogen pressures. 
However, in liquefaction experiments at 375OC, this material has been shown to be effective 
at inducing the uptake of hydrogen gas by coal and the conversion of coal? On the basis 
of the above results, this ability must be related to some activity other than aromatic 
hydrogenation. 
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10% OIPHENYLETHER IN UNOECANE, IKE7-5 

Figure 1. Coal Residue Containing MoSZ 
Exhibiting Preferential Adsorption of 
Diphenylether at 3OO0C, 100 kPa Hydrogen. 

~ ~~ ~~~ 

BENZOFURAN, CATALYST = HARSHAW 0 4 0 2 5  

Figure 2. Data Illustrating the Adsorption 
of Oxygenate by a Supported Catalyst at 
3OO0C, 100 kPa Hydrogen. 

TETRALIN CONVERSION TO NAPHTHALENE 

Figure 3. First Order Rate Constant Deter- 
mination, 4OO0C, 340 kPa Hydrogen. 
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BENZOTHIOPHENE CONVERSION 

Figure 4. F i r s t  Order  R a t e  C o n s t a n t  D e t e r -  
m i n a t i o n s h o w i n g  Dihydrobenzoth iophene  I n t e r -  
med ia t e  Formed a t  4OO0C, 340 kPa Hydrogen. 

ELUTION ON A PLATEAU 

Figure 5. T y p i c a l  TCD S i g n a l  from an  E l u t i o n  
on a P l a t e a u  Type of Exper iment .  U n i t s  A r e  
A r b i t r a r y .  

I N J  o f  10% QUlN i nto 1% B z T  i n TETRALIN 

Figure 6 .  Q u i n o l i n e  I n h i b i t i o n o f t h e H D S  o f  
Benzoth iophene ,  4OO0C, 340 kPa. I n j e c t i o n  on  
a P l a t e a u  Type Exper iment .  
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ROLES OF MOLECULAR HYDROGEN AND A HYDROGEN DONOR SOLVENT IN THE 
CRACKING OF COAL MODEL COMPOUNDS WITH DISPERSED CATALYST 

Toshimitsu SUZUKl, Na-oki IKENAGA, Takahiro SAKOTA, Takao MATSUl 

Department of Chemical Engineering, Faculty of Engineering, Kansai University 
Suifa. Os& JAPAN 564 
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Introduction 

Roles of a catalyst and a hydrogen-donor solvent in the direct coal liquefaction involves still 
COntrOversial arguments, because complex reactions such as thermal decomposition or 
hydrocracking of C - 0  and C-C bonds and hydrogenation of polycyclic aromatic compounds are 
involved in coal liquefaction reaction. Therefore, i t  is of great imporlance to evaluate quantitative 
hydrogen transfer process by using coal model compounds with a hydrogen-donor solvent. 

Cronauer er al. showed that in the cracking of benzyl phenyl ether the hydrogen required to 
stabilize free radicals comes from a donor solvent or intramolecular rearrangement and not from 
gaseous hydrogen in the absence of a catalyst .' Korobkov et  al. and Schlosberg et al. 3.4 

showed that the thermolysis of benzyl phenyl ether and dibenzyl ether were accomplished by 
intramolecular rearragements. Yokokawa et al. reported that tetralin retarded the catalyzed 
hydrocracking of coal model compounds containing C-C and C - 0  bonds? However, few studies 
dealt with quantitative discussion in the hydrogen transfer process from a hydrogen-donor solvent 
or molecular hydrogen to free radicals derived from a model compound except a series of studies 
by Nicole and co-workers."' 

On the other hand, it is well known that the amount of naphthalene produced from tetralin 
decreases after the liquefaction of coal in tetralin with catalyst as compared to the liquefaction 
in the absence of catalyst.810 To account for this, two mechanisms are proposed. One is that the 
catalyst hydrogenates naphthalene produced from tetralin,' and the other is that the catalyst 
promotes the direct hydrogen transfer from molecular hydrogen to free radicals.'" I' 

The purpose of this work is to elucidate the role of catalyst and tetralin by means of the 
quantitative treatment of the hydrogen transfer reaction stabilizing thermally decomposed free 
radicals. Cracking of benzyl phenyl ether (BPE), dibenzyl ether (DBE), 1,2-diphenylethane, and 
1.3-diphenylpropane was studied in tetralin in the presence of highly dispersed catalyst. 

Experimental 

Cracking of coal model compounds was carried out in a batch M mL autoclave made of 
Hastelloy C. Prescribed amounts of a model compound (3.6 - 3.9 g, 19.5 mmol), a catalyst (0.01 
- 0.08 g, 0.025 - 0.4 mmol), tetralin (4.0 g, 30.0 mmol) or tetralinlnaphthalene (4.0 g I0.5 g, 30.0 
mmol I4.0 mmol). and an activated carbon (0.5 6) as a dispersing agent for the catalyst were put 
into the autoclave. Activated carbon was added in uncatalyzed runs, in order to elucidate 
catalytic effect of activated carbon. In catalyzed runs with Fe(C0)s and Mo(C0)6, a molecular 
sulfur was added. 

The reactor was pressurized with a hydrogen to 5.0 MPa at a room temperature. The autoclave 
was heated to the desired temperature (648 or 698 K) with a preheated stainless-steel heat block 
equipped with a shaker. After a given reaction time (20 - 240 min.), the autoclave was cooled to 
room temperature by air blowing. The gas was collected into a gas buret. The liquid products 
were recovered from the autoclave by filtering off the activated carbon with a sintered glass 
filter, followed by repeated washing with tetrahydrofuran. 

The amount of hydrogen transferred from gas phase was determined with the difference 
between the amount of hydrogen charged and recovered. 

Results and Discussion 

Cracking of Benzyl Phenyl Ether. Table I summarizes results of the reactions carried out 
under different reaction conditions by using several catalysts. Conversion of BPE was 100 % in  
all cases at 648 K for the reaction time of 30 min. 

As shown in Scheme I ,  the identified products from cracking of BPE were benzene (PhH), 
toluene (PhMe), phenol (PhOH), diphenylmethane (DPM), 1.2-diphenylethane (DPE) isomeric 
(hydroxypheny1)phenylmethanes (HPPM), benzyl tetrdins' (BT, m/z=222 in GC-MS), and 
benzylnaphthalenes'( BN, m/z=218 in GC-MS). The major products were PhMe and PhOH, and 
the other products such as DPM and DPE were minor. BPE was thermally decomposed at a 
relatively low temperature and seemed to produce quantitatively benzyl radical and phenoxy 
radical, and these radicals abstract hydrogen from tetralin or benzyl radical may combine with 
tetralyl radical. The material balances between charged BPE and recovered products in these 
reactions were good to very good and in the range of 87 mol% to 98 mol%. The products formed 
from tetralin were naphthalene, decalin and 1-methylindan. 

Hz-R in Table I indicates the amounts of hydrogen required for stabilizing thermally produced 
organic free radicals from BPE. They were calculated from the amounts of cracked products 
assuming the following over all stoichiometric reactions (not showing exact chemical path). 

Ph-CHZO-Ph + Ph-CHZ + Ph-0.  (1) 
Ph-CHz. + 3H + Ph-H 
Ph-CHZ. + + CH4 (2) 

H + Ph-CH3 (3) 
H - Ph-OH (4) 

P~-CHZ-(C~H~) -OH + 2H - Ph-CHZ-Ph + HzO (3 
+ P h - 0 .  
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The rest of the products such as  DPE and HPPM can be produced by the recombination of 
radicals or rearrangements of BPE. and no hydrogen were required.' H2-TL in Table I exhibits 
the of hydrogen transferred from tetralin. It  was calculated from the amount of naphthalene 
and decalin formed by the dehydrogenation and the hydrogenation of tetralin, assuming that all 
four hydrogens in tetralin are utilized. H2-G shows the amount of hydrogen transferred from gas 
phase. Considering the experimental error, fair agreement between the amount of hydrogen 
required (Hz-R) and that of hydrogen transferred (H2G plus H2-TL) was obtained. 

In  the reaction without catalyst (Run I )  the amounts of PhMe and PhOH were 11.3 mmol and 
13.7 mmol respectively, these amounts were smaller than those in the reactions with Mo(CO)f, -S 
and Ru(acac)3. The reaction in a smaller amount of tetralin (Run 2 BPUTL; 2 ), the amounts of 
PhMe and PhOH further decreased and those of DPM and DPE slightly increased. 

The amount of hydrogen required for stabilizing free radicals (H2-R) were 13.9 mmol (Run I )  
and 12.4 mmol (Run 3) in the reactions under a hydrogen or a nitrogen atmosphere. They were 
predominantly supplied from tetralin ( 12.0 mmol and 10.4 mmol respectively). These results 
clearly show that all four hydrogen atoms in tetralin are utilized to transfer to fragment radicals. 
With a decrease in  the tetralin concentration contribution of hydrogen in gas phase increased 
even in  the absence of catalyst (Run 2 probably catalyzed by wall). 

R .  + TL - RH + TL. (6) 
2TL ' - TL + DHN (dihydronaphthalene) (7) 
R .  + DHN 4 RH + DHN' (8) 
DHN. + TL.(or  DHN . )  + Naph + TL(orDHN) (9) 
R .  + TL, - R-TL (10) 

R .  ' R H  ( 1 1 )  

TL . * TL (12) 

Hicatalyst 

Hicatalyst 

The amount of hydrogen absorbed slightly increased with Fe(CO)sS, although ten times 
larger amount of Fe was used in these runs as compared to Mo and Ru. The ability of Fe(C0)sS 
catalyst to activate molecular hydrogen seems not to be high. 

In the reactions with Mo(CO)r, -S (Runs 6 - 8). or Ru(acac)z (Runs  9-1 I )  the amounts of 
toluene and phenol increased, and the amount of HPPM decreased correspondingly. These results 
indicate that the hydrogen transfer from gas phase to benzyl radical and phenoxy radical proceeded 
more smoothly than in  the uncatalyzed reactions. Decreases in Hz-TL and increases in H2G in 
the catalyzed runs with Mo(C0)h -S and Ru(acac)3 suggest the possibility of direct hydrogen 
transfer from gaseous hydrogen to benzyl and phenoxy radicals more efficiently (equation 1 I ). 
Cracking of Dibenzyl Ether. Cracking of DBE was carried out under the same condition as the 
cracking of BPE except that the reaction time was shortened to 20 min. The results are 
summarized in Table II .  The identified products from cracking of DBE were benzene, toluene, 
benzaldehyde (PhCHO), benzyl alcohol (BA), I ,2-diphenylethane, benzyltetralins, and 
benzylnaphthalenes. HI-R was calculated according to the following over all stoichiometric 
equations (not showing exact chemical paths). 

Ph-CH20CH2-Ph - Ph-CH2 + Ph-CH20. (13) 
Ph-CH2, + 3H - Ph-H + CHA (14) 
Ph-CHZ. + H - Ph-CH3 (15) 
Ph-CH2' +Ph-CH20' 4 Ph-CH.3 + Ph-CHO (16) 
Ph-CH20. + H - Ph-CH2OH (17) 
Ph-CHzO. + 3H - Ph-CH1 + H20 (18) 

It  is noteworthy in these reactions that PhMe was produced more than the amount that was 
evaluated from equations 15 and 16. An excess amount of PhMe could be originated from the 
hydrogenation of oxygen containing compound as shown in  equation 18. Amount of H20 was 
about 14.2 mmol, corresponding to the occurrence of reaction 18. Estimated H2-R was smaller 
than H2G plus H2-TL due to unidentified minor products in most catalyzed runs. 

As shown in Table 11, in the uncatalyzed reactions at 648 K (Runs I2 in H2 and Run 13 in N2) 
the amounts of PhMe were 23.2 and 23.1 mmol and those of PhCHO were 6.1 and 7.5 mmol 
respectively indicating the lowest yields of PhMe and the highest yields of PhCHO. In addition 
under a nitrogen atmosphere DPE increased to 3.2 mmol, suggesting that the recombination of 
benzyl radicals most likely proceeded. On the other hand, H2-R (15.1 mmol) is in fair agreement 
with H2-TL (14.7 mmol), indicating that most of hydrogen required to stabilize fragment radicals 
transferred from tetralin. 

When Fe(C0)s-S was employed for the cracking of DBE (Runs 14 and 15), the amounts of 
Hz-TL and Hz-C (15.4 mmol and 1.9 mmol in Run 14) were approximately same as those in  the 
uncatalyzed run (14.7 mmol and 0.5 mmol in Run 12). However, H2-TL decreased to 9.0 mmol 
and H2-G increased to 9.8 mmol when smaller amount of tetralin was used (8.0 mmol, Run IS). 
The amount of PhCHO (2. I mmol in Run 14) was less than that in Run 12 (6. I rnmol). These 
results suggest that the possibility of direct hydrogen transfer from gaseous hydrogen to benzyl 
and Ph-CH2O . radicals to form toluene is enhanced. 

In the catalyzed runs with Mo(CO)r, -S and Ru(acac)3 (Runs 16 and 19). PhCHO and BA were 
scarcely detected and PhMe was increased to 27.5 mmol and 29.6 mmol suggesting considerable 
possibility of reaction 18. Although H2-R was estimated to be smaller than H2G plus H2-TL due 
to unidentified minor products, correspondingly increases in H2-R could be expected. Furthermore, 
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with these catalysts, decreases in Hz-TL to I13 of the H2-R ( 11.7 and 9.2 mmol) and increases in 
H2-G to about 80 % of Hz-R (22.5 and 22.7 mmol) were observed similar to the reaction with 
BPE. However. in the reaction with Mo(C0)h-S the amount of Hz-TL was larger than that in 
the cracking of BPE with the same catalyst. The contribution of tetralin for the hydrogen transfer 
Process to stabilize the thermally decomposed free radicals increased in the cracking Of DBE. 
Whereas. if we decreased the amount of tetralin to 8 mmol (Run 17 and 20). Hz-TL decreased to 
5.5 and 4.6 mmol and Hz-G increased to 25.7 and 27.3 mmol as seen in the reaction with 
Fe(C0)sS. suggesting that the possibility of direct hydrogen transfer from gaseous hydrogen to 
radicals increased. 

Cracking of benzyl phenyl ether and dibenyl ether in tetralin-naphthalene mixed solvent. 
In  the cracking of BPE and DBE in  tetralin using finely dispersed catalyst, two possibilities were 

proposed for the decrease i n  the amount of naphthalene after the reactions. One is the direct 
hydrogen transfer process from molecular hydrogen activated on the catalyst to free radicals, 
consequently contribution of the hydrogen transfer from tetralin to free radicals decreased. The 
other is the hydrogenation of naphthalene formed after hydrogen transfer to radicals with catalyst. 
In order to confirm the possibility of hydrogenation of naphthalene, the cracking of BPE or DBE 
was carried out in tetralinlnaphthalene mixed solvents, and the results are summarized in Runs 8, 
1 1 ,  18and21 inTablesIandI1. 

In the reactions in tetralin with the catalyst (Runs 4, 6 and 9). 3.3 - 4.9 mmol of decreases in 
naphthalene were observed as compared to the uncatalyzed run (Run I in Table I). If these 
decreases are ascribed to the hydrogenation of naphthalene, a certain amount of added naphthalene 
would be hydrogenated to give tetralin in the reaction with mixed solvents. As seen in Runs 8 
and I I ,  4. I and 5.7 mmol of naphthalene was recovered respectively. If we assume that the same 
amount of naphthalene was formed from tetralin (Runs 6 and 9) in the presence of tetralin- 
naphthalene mixed solvents and no hydrogenation of added naphthalene did occur, hypothetical 
amount of naphthalene after the reaction would be estimated to be 4.7 (0.7 + 4.0) and 4.2 (0.2 + 
4.0) mmol for Runs 8 and I I ,  respectively. In  Run 8 ,4.1 mmol of naphthalene was observed, 
indicating that only 0.6 mmol of naphthalene was hydrogenated in the course of the reaction. In  
Run 1 I ,  5.7 mmol of naphthalene was detected. This is rather increase in I .5 mmol of naphthalene, 
as compared to the hypothetical amount of naphthalene. These results suggest that hydrogenation 
of naphthalene did not or slightly occurred during the cracking of BPE. As shown in Runs 18 
and 21 in Table 11, hydrogenation of naphthalene during the reaction was also examined in the 
cracking of DBE. It was found that 0 - 1.3 mmol of naphthalene was hydrogenated in the course 
of cracking of DBE. 

In  separate experiments, hydrogenation of naphthalene or naphthalene in tetralin did proceed 
considerable extent with all the catalysts employed here. Thus in  the presence of polar substances 
or free radicals, the activity toward the hydrogenation of aromatic nuclei would be reduced 
considerably due to the stronger interaction of the catalyst with them. 

On the other hand, 0.3 mmol to 2.1 mmol of BT were produced in  the cracking of BPE and 
DBE even with the active catalyst such as Mo(COk>-S and Ru(acac).?, and BT increased in the 
cracking of DBE at 698 K. This seems to provide possibility of formation of tetralyl radical 
which in turn combined with benzyl radical or were hydrogenated to tetralin on the catalyst 
surface as proposed in the previous study." Cochran er al. have suggested that the direct 
hydrogen transfer is the predominant route in tin-catalyzed coal liquefaction.'" Importance of 
molecular hydrogen in the catalyzed coal liquefaction with highly dispersed catalysts has been 
pointed out by Charcosset et aI.l3 The direct hydrogen transfer from gas phase hydrogen 
activated on the catalyst not only to free radicals derived from BPE or DBE but also tetralyl 
radical. 

Cracking of 1,Z-diphenyl ethane and 1J-diphenylpropane Cleavage of C-C bonds in coal is 
much more important reactions in the hydroliquefaction of subbituminous or bituminous coal. In 
order to examine catalytic effects of dispersed catalyst on the dissociation of C-C bond, 1.2-DPE 
and I ,3-diphenylpropane (I 3-DPP) in tetralin was carried out without or with dispersed catalysts. 
Results are summarized in Table 111. Cracked products are benzene, toluene, and ethylbenzen. in 
addition to small amounts of BT and BN. 

Much lower conversions were obtained in both model compounds even at higher reaction 
temperature of 425 "C and longer reaction period of 60 min. In the absence of catalyst, the 
amount of hydrogen required to stabilize thermally cracked free radical is in good agreement 
with the amount of hydrogen produced from tetralin calculated from the amount of naphthalene 
formed (see Runs 22 and 23). 

With the addition of dispersed catalysts not significant differences in the amounts of cracked 
products were observed, indicating poor capability of metal sulfides or metal species on the 
hydrocracking of C-C bond. Due to the lower conversion of model compounds, the amounts of 
hydrogen absorbed from gas phase could not be measured accurately. However, the amount of 
naphthalene formed after the reaction decreased as compared to the run without catalyst, when a 
smaller amount of tetralin was employed. Such phenomena were pronouncedly observed, when 
Mo(COkd3 and Ru(acac).% catalysts were used. In these cases (Runs 27 and 30), the amount of 
hydrogen required to stabilize free radicals from DPE exeeded thc amount of hydrogen 
dehydrogenated from tetralin. This indicates that hydrogen transfer from molecular hydrogen to 
organic radicals on the catalyst occurred. However, in the abundant hydrogen donor solvent, 
hydrogen transfer from tetralin to benzy radical did proceed more effectively to give toluene. 

Such tendencies are seen in the cracking of DPP. Only Ru based catalyst effectively promoted 
hydrogen transfer from gas phase hydrogen to organic free radicals, 

These results indicate that C-C bonds in  the coal model structure were thermally dissociate to 
give free radicals and they abstract hydrogen to give stable organic compounds either from a 
hydrogen donor solvent or molecular hydrogen activated o n  the catalsyst. However, even in  the 
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presence of an active catalsyst. hydrogen was pronounredly supplied to such hydrocarbon 
radicals from a hydrogen donor solvent like tetralin. 

Two reasons for this can be proposed. One is  that due to a higher bond dissociation energy of 
C-C bonds in the model compounds, the rate of benzyl radical formation is small, and consequently 
abundant hydrogen donor solvent could provide hydrogen to organic free radicals. The other is 
that benzyl radical could be less strongly adsorbed on the active catalyst as compared to the 
oxygen containing free radicals derived from BPE and DBE. Therefore. hydrogen transfer from 
gas phase to benzyl radical only slightly occurred. 

Conclusion 
Quantitative hydrogen transfer process from tetralin to organic free radicals was clarified. 

Direct hydrogen transfer from molecular hydrogen on the dispersed catalyst was proposed for 
the cracking of oxygen containing coal model compounds, in the presence of hydrogen donor 
such as tetralin . 
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Table I Cracking of Benzyl Phenyl Ether and the Amount of Hydrogen Transferred to Radicals" 

Run Catalyst Soh. PhMe PhOH DPM DPE HM BTh BNb Naph TL H2-R' Hz-Td H2-G'' 
mmol mniol 

I none 28.9 11.2 13.7 1.5 0.7 4.0 0.7 0.5 5.1 19.9 13.9 12.0. 0.6 
2 none 8.8 8.7 11.8 1.8 1.0 3.9 0.3 0.6 2.9 3.1 12.0 7.5 4.4 
3 none(N2) 30.6 10.9 12.3 1.4 0.2 3.7 0.7 0.5 4.5 23.0 12.4 10.4 - 
4 Fe(C0)s-S' 29.1 6.0 12.8 0.3 0.9 5.3 2.5 0.6 1.8 24.6 9.6 6.3 2.6 
5 Fe(C0)s-S 8.1 8.8 12.2 0.4 1.2 4.3 0.4 0.5 2.4 4.4 9.8 4.2 6.6 
6 Mo(C0)h-S 29.5 14.2 15.7 0.4 0.4 2.3 0.9 0.3 0.7 28.0 15.4 2.6 17.0 
7 Mo(CO)(AE 8.3 12.4 14.5 0.8 0.5 2.5 0.6 0.4 0.9 6.2 14.3 3.0 15.5 
8 Mo(CO)(,-S' TIN 14.6 15.6 0.3 0.2 2.0 0.4 0.4 4.1 29.2 16.0 1.5 15.4 
9 Ru(acac)3 30.3 14.2 15.5 0.7 0.2 1.8 0.5 0.2 2.0 26.2 15.6 5.7 9.1 
IO Ru(acac).? 8.2 13.3 16.1 0.7 0.7 2.0 0.6 0.4 0.9 6.1 15.4 3.0 19.3 
I 1  Ru(acacl.3 TIN 13.5 14.9 0.8 0.1 2.3 0.5 0.6 5.7 26.8 15.5 4.9 11.3 

a) BPE 19.5nimol, active carbon 0.5g, P(H2) = 5.OMPa. reaction time 30min, conversion = 
100%. 
b) m/z=222 (BT, benzyltetralins) and 218 (BN, benzylnaphthalenes). 
c )  Calculated amount of hydrogen to stabilize radicals. 
d )  Amount of hydrogen transferred from tetralin. e) Amount of hydrogen transferred from gas. 
0 Sulfur 0.8mmol. g) Sulfur 0.22mmoI. h )  Solvent : TL, 30.0mmol; Naph, 4.0mmol. 
Abbreviations : DPM, diphenylmethane; DPE, I ,2-diphenylethane: 
HM, (hydroxypheny1)phenylmethanes: Naph, naphthalene: TL, tetralin. 

'. 
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Table 11 Cracking of Dibenzyl Ether and the Amount of Hydrogen Transferred to Radicals a 

Run Catalyst Soh. PhMe PhCHO BA DPE BTb BNh Naph TL Hr-R' H2-Td k - G '  

12 none 29.8 23.2 
13 none(Nz) 30.1 23.1 
14 Fe(CO).i-S 29.3 24.3 
15 Fe(C0)j-S 8.3 22.8 

17 Mo(CO&-S' 8.1 25.7 

19 Ru(acac)3 30.2 29.6 
20 Ru(acac)3 8.0 29.0 
21 Ru(acac)3 TIN 29.6 

16 Mo(C0k-S '  30.0 27.5 

18 Mo(CO)(> -SI TIN 25.2 

6. I 
7.5 
2. I 
3.8 
- 

trace 
0.7 

trace 
trace 

trace 1.2 0.6 1.0 6.4 
1.6 3.2 0.4 0.8 5.6 

1.0 1.6 2.4 4.4 
1.7 0.3 1.3 2.8 

trace 1.4 1.8 1.7 3.3 
2.0 0.9 1.1 2.0 
1.2 1.7 1.9 6.0 

trace 0.8 1.2 0.7 3.4 
1.4 0.8 0.7 1.3 
0.7 1.1 0.8 6.7 

- 
- 

- 
- 

- 
- 

21.1 
21.7 
16.3 
3. I 

21.4 
4.0 

23.3 
22.8 
5.0 

25.2 

15.1 14.7 
19.8 13.6 
21.9 15.4 
18.1 9.0 
27.9 11.7 
29.8 5.5 
24.8 8.7 
27.9 9.2 
28.9 4.6 
29.4 7.5 

a) DBE 19.5rnmoI, active carbon OSg. P(H2) = 5.0 MPa, reaction time 20min, 
b) m/z=222 (BT, benzyltetralins) and 218 (BN, benzylnaphthalenes). 
C) Amount of hydrogen transferred to radicals. 
d)  Amount of hydrogen from tetralin. e) Amount of hydrogen from gas. 
0 Mol percent against DBE charged. g) Sulfur 0.8mmol. 
h) Solvent : TL, 30.0mmol; Naph, 4.0mmol. i )  Sulfur O.22mmol. 
Abbreviations : BA, benzyl alcohol; DPE, 1.2-diphenylethane; Naph, naphthalene; TL : 
tetralin. 

0.5 

I .9 
9.8 

22.5 
25.7 
21.0 
22.7 
27.3 
25.0 

Table 111 Cracking of 1 .Zdiphenylethane and 1.3-diphenylpropane in tetralin" 

Run Catalyst metal Time Solv PhH PhMe PhEt Naph TL 142-R HI-TL 
mmol min mmol 
Diphenylethane 

22 None 
23 None 
24 None 
25 Fe(C0)sS 
26 Fe(C0)sS 

28 Mo(CO&-S 
29 Mo(C0k-S 
30  Ru(acac)3 
31 Ru(acac)x 

27 Mo(CO)(>-S 

32 None 
33 Fe(C0)sS 
34  Mo(C0)h-S 
35 Ru(acac)3 

. .  

60 8.3 0.86 5.20 0.83 1.4 5.7 3.3 2.9 
60 30.1 0.53 5.30 0.46 2.1 25.4 3.1 4.2 

240 29.9 1.47 15.74 1.67 5.3 17.6 9.4 10.6 
0.40 60 8.3 0.92 5.81 1.06 1.2 5.5 3.9 2.3 
0.40 60 29.5 0.52 5.31 0.55 2.8 24.2 3.2 5.5 
0.05 60 8.2 0.93 4.% 0.97 0.8 6.5 3.2 1.6 
0.05 60 28.8 0.69 6.03 0.99 5.6 19.1 4.0 1 1 . 1  
0.05 240 30.9 1.43 17.20 2.03 5.9 16.8 10.6 11.9 
0.025 60 8.1 0.88 4.92 0.86 0.9 5.8 3.3 1.8 
0.025 60 30.0 0.49 5.72 0.53 2.3 24.8 3.4 4.6 

60 4.1 0.13 1.36 1.14 0.54 2.1 1.3 1 . 1  
0.06 60 4.120.11 1.99 2.07 0.82 2.6 2.1 1.6 
0.08 60 4.110.22 1.99 1.95 1.05 2.3 2.1 2.1 
0.04 60 4.11 0.18 2.01 2.12 0.42 3.27 2.16 0.9 

Diphenylpropane 

a) Diphenylethane: 19.5 mmol, Diphenyl propane: 2.5 mmol active carbon 0.3 g, 
425 "C, PHi= 5.0 MPa, 
Other abbreviations are the same as Table I. 

i 
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MECHANISMS OF IRON-BASED CATALYSIS NVESTIGA'IED 
USWG MODEL COMPOUNDS 

John C. Linehas, Dean W. Matson, John C. Darab, S. Thomas Autrey, 
James A,. Franz. and Don M. Camaioni. 

Pacific Northwest Laboratory1 
P.O. Box 999, Richland, WA 

Key words: 

Abstract. The catalytic mechanism of highly active, nano,,tid' Jon-based coal liquefaction 
catalysts was investigated using a series of model compounds. The iron-oxide phases femc 
oxyhydroxysulfate (OHS), 6-line femhydrite, hematite, and goethite. were evaluated ;is catalyst 
precursors with systematically substituted diphenylmethanes in the presence of a hydrogen 
donating solvent. The activity of the catalysts was observed to be dependent upon the functionality 
on the model compounds. The results of these model compound studies and their relationship to 
possible reaction mechanisms are presented. 

Innoduction. There has been recent interest in the development of inexpensive, new, and 
potentially disposable, catalysts for the fist  stage direct liquefaction of coal.2 A major emphasis 
has been placed on developing highly active iron-based liquefaction catalysts as substitutes for the 
current molybdenum-based catalysts which are more expensive. The new iron-containing catalysts 
for this purpose have been screened using either model compounds or select coals. Whi!: 
numerous studies have been undertaken to synthesize and test iron-based catalysts with enhanced 
catalylic activity for hydrogenolysis,2 few studies have systematically focused on the bond 
cleavage or hydrogenation mechanism(s) involved when these catalysts are employed.3 

In previous papers we have focused on either developing techniques for the production of 
n;iltoscale iron-oxides or the identification of active iron oxide catalyst precursor phases.4-6 In this 
paper we concenmte on the organic smctures which are attacked by the iron-based catalysts. We 
describe our preliminary results using systemxically altered model compounds wi:h a variety of 
iron oxide catalyst precursors to elucidate carbon-carbon bond scission pathways supported by 
iron-based catalysts. 

Exoerimcntal. The model compounds diphenylmethane (DPM) (Aldrich) and 4,4'-dimethyl 
diphenylmethane (4.4'DPM) (1'CI) werc used as received. The model compounds methyl 
diphenylmethane (MeDPM). 2 , s  -dimethyl diphenylmethane (Me2DPM), and 2.4.6-nimethyl 
diphcnylmethane (Me3DPM) were synthesized from neat mixtures of the appropnate methylated 
aromatic (toluene, p-xylene. and mesitylene respectively) and benzyl alcohol with the addition of 
concenuated sulfunc acid. The reaction products were distilled under reduced pressure and the 
products were shown to be 99% pure by G C  and proton NMR. The only exception w3s MeDPM 
which was found to be an inseparable 5050 ijomeric mixture of 2-niethyldiphcnylmethane and 4- 
methyl diphenylmethane by NMR. 

The catalyst precursors were made according to literature procedures and milled to -325 mesh, 
except for the &line fenihydrited which was produced by the RlDS method5.7 at low reaction 
temperatures and was also sieved to -325 mesh. The catalyst testing procedure, which has been 
detailed previously, consisted of loading 15 pl of the model compound with 3 mg of the catalyst 
precursor, 3 mg of elemental sulfur and 100 mg of pure (>99%) 9.10-dihydro-phenanthrene into a 
Pyrex tube. The tube was sealed under vacuum and heated at 40&3 'C for 1 hour in a fluidized 
sand bath. The products were identified by G C  and the residual model compounds were quantified 
with an internal standard. 

&Its and Discussion. Table I shows the percent consumption of the five model compounds 
using four iron oxide catalyst precursors. As can be seen from the Table, the relative order of 
model compound consumpuon increases with increasing methyl substitution. Figure I sliows 
these results as a funcimn of the number of methyl groups on substituted diphenylmethanes. Both 
Table 1 and Figure 1 show the dramatic increase in consumption of the model compound in going 
from Me2DPM to Me3DPM. The yields more than double for most of the catalysts. All of the 
iron oxide precursors used promoted over 75% consumption of Me3DPM. These results suppon 
the findings that many different forms of iron-containing powders have k e n  found to be active 
bond scission catalysts under the appropriate reaction conditions. 

The increase in the percent consumption of model compound correlates with h e  decrease in the 
oxidation potential of benzene upon increasing methll substitution. The oxidation potential drops 
approximately 0.6 V in going from toluene to 1,2,3,5-mmethylbenzene.s.9 We estimate that the 
oxidation potentials of the model compounds used here would decrease in a corresponding manner 
with increasing methyl substitution. lhe observed relationship between oxidation potential and 
bond scission enhamemem does not necessarily prove a REDOX mechanism. The 
cyclohexyldienyl radical intermediate generated by a free radical pathway would also be stabilized 
with an increase in methyl substitution and would increase the n t e  of bond cleavage. 

Model compounds, catalysis, iron oxides. 
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The products of the model compound consumption reactions were mixtures of products resulting 
from cleavage of bonds A , B, and C (seeFigure 2). For DPM and 4,4'DPM, the products of 
bond A and bond B cleavage were indistinguishable, the products from bond A being toluene and 
the methylated aromatic. For MeDPM, Me2DPM, and Me3DPM, the bond A methylated aromatic 
products were toluene, p-xylene, and mesitylene respectively. Bond B cleavage yielded benzene 
and the methylated aromatic with one additional methyl group. For MeDPM, Me2DPM, and 
Me3DPM. bond B cleavage yielded xylene, 1.2.5-nimethyl benzene, and 1,2,3,5-teuamethyl 
benzene respectively. Bond C cleavage involved the loss of a methyl group from the model 
compound and yielded the parent compound minus one methyl group. 

For the uncatalyzed reactions, products from bonds B and C cleavage predominated. The bond 
B:C cleavage product ratios were less than one and the bond B:A cleavage ratios were greater than 
one. The small thermal conversions with some of the uncatalyzed model compound reactions 
precluded accurate or statistically significant reporting of product dishibutions. 

The products of the catalyzed reactions of the methylated diphenylmethane compounds were almost 
exclusively derived from bond A cleavage. The major products were toluene and the methylated 
aromatic (toluene, p-xylene, mesitylene) derived from the substituted ring. Very Little benzene, 
from bond B cleavage, was detected. There was little evidence for methyl cleavage from the 
methylated diphenylmethanes in the iron catalyzed reactions. This has also been seen for other 
methylated systems when using other iron and molybdenum-based catalysts.10 The B:A bond 
cleavage ratio for the femc oxyhydroxysulfate catalyzed reaction was over 50 and the B:C ratio 
over 100 for Me3DPM model compound. The ratios of B:A products and B:C products increased 
with increasing number of methyl substitution for a given catalyst. There was little difference in 
these ratios between the products of reactions involving different catalyst precursors when similar 
conversions were obtained. 

The total amount of the model compound hydrogenation was less than 2% of the total products for 
any of the model compounds or catalyst precursors. This is consistent with other results with iron- 
based catalysts in the presence of sulfur for both diphenylmethane and naphthyl bibenzylmethane, 
even under high hydrogen pressures.3.4 Other iron-based catalysts have previously been shown to 
be active for hydrogenation of polycyclic aromatics in the absence of good leaving groups.lO 

Summarv Iron-based materials catalyze the consumption of more substituted diphenylmethanes 
faster than less substituted diphenylmethanes. The catalyzed reactions were very selective for 
cleavage between the aromatic carbon of the most substituted ring and the methylene carbon, Little 
evidence for catalyzed cleavage of methyl groups was detected. The relative reactivity of the iron 
oxide precursors was similar to that previously found for NBBM. 

Acknowledgements We gratefully thank Dr. Glen Fryxell (PNL) for developing the methodology 
for the model compound synthesis. The model compound work was supported by the Director, 
Office of Energy Research, Office of Basic Energy Sciences, Chemical Sciences Division of the 
Department of Energy and the catalyst development work was supported by the U. S. Department 
of Energy, Office of Fossil Energy under contract DE-AC06-76RLO 1830. 

REFERENCES 

1. Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle 

2. See the first 21 papers in Energy & Fuels, 1994, 1, and references therein. 
3. Wei, X. Y.; and Zong, 2-M. Energy & Fuels, 1992, 6, 236. Wei, X. Y.; Ogata, E.; Zong, 

4. Linehan, J. C.; Matson, D. W.; and Darab, J. G. Energy & Fuels 1994, 8, 56. 
5. Matson, D. W.; Linehan, J. C.; Darab, J. G.; and Buehler, M. F. Energy & Fuels 

6. Darab, J. G.; Linehan, J. C.; Matson. D. W.; and Campbell, J. A. In Proceedings of t h e l a  

7. Matson, D. W.; Linehan, J. C.; and Bean, R. M. Materials Lett. , 1992, 14, 222. 
8. Gould, 1.R; Ege, D.; Moser, J.E.; and Farid, S. J .  Am. Chem. SOC. 1990, 112, 4290. 
9. Howell, J.O.; Goncalves, J.M.; Amatore, C.; Klasine, L.; Wightman, R.M.; and Kochi, J.K. 

10. Tang, Y. and Curtis, C.W. Energy & Fuels, 1994, 8, 63. 

Memorial Institute under contract DE-AC06-76RLO 1830. 

Z.-M.; and Niki, E. Energy & Fuels, 1992, 6, 868. 

1994, 8, 10. 

International Conference on Coal Sc iencc Vol I, pg 24, 1993. 

,y 

J .  Am. Chem. SOC., 1984, 106, 3968. 

I 

I 721 



Table I 
Percent Consumption of Model Compounds with 

Iron-Based Catalysts at 400°C in the Presence of 9.10-Dihydrophenanthene 

Catalyst Precursor 
Hematite Goethite 6-Line Femc Oxyhydroxy- None 

Model Femhydrite Sulfate 
Comvound 

DPMa nm 4 f 3  6 + 3  9 + 3  0 

MeDPM 1 3 f 2  3 f 2  8 f 3  2 9 f 2  1f1 

Me2DPM 3 6 f 3  9 f 3  1 9 * 2  5 8 f 2  6 f 3  

Me3DPM 8 6 * 5  9 5 f 5  75 * 5 9 8 + 2  5 f 3  

4,4'DPM 43 f 4 1 + 3  6 f 2  60*5 3 5 2  

a) See reference 6. 

1 0 0  

E O  

Me3DPM 

Catalyst Precursor 

..- a-6 

a- Hematite 

.m- 6-Line 

a- Goethite 

1 2 # Methyl Groups 3 4 

Decreasing Oxidation Potential 

Figure 1. A plot of model compound consumed (at 4Oo0C, 60 minutes, with catalyst and 
dihydrophenanthrene) vs methyl substitution for diphenylmehane. 

Figure 2. Schematic of the substituted diphenyhethanes and the bond designation. 
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HETEROGENOUS CATALYSIS: 
Mechanisms of Selective Cleavage of Strong Carbon-Carbon Bonds. 

Malvina Farmiu and Steven C. Petrosius 
U.S. Depaament of Energy 

Pittsburgh Energy Technology Center 
P.O. Box 10940, Pittsburgh, PA 15236 

Key Words: heterogenous catalysis, carbon-carbon bond cleavage, mechanism 

INTRODUCTION 
This paper discusses the catalytic cleavage of strong carbonsarbon bonds in compounds 

which also contain relatively weaker carbon-carbon bonds which can be cleaved thermally by 
a homolytic, free radical P~OCXSS. The majority of the reactions described here are performed 
under condition where the thermal background is very small or nonexistent. 
We will discuss the reactivity of two model compounds (Figure 1) relevant to fossil fuels (oil 
and coal) in the presence of several heterogenous catalysts: carbon black, graphite and solid 
acids. Previously, we have reported a very selective carbon black C-C cleavage of bonds 
between a polycondensed aromatic moiety and an adjacent aliphatic carbon14 and on carbon 
black catalyzed dehydroxylation and dehalogenation of polycondensed aromatic phenols and 
halogenated polycondensed compoundss. We attributed the observed catalytic activity and 
selectivity in hydrocracking reactions to the formation of radical cations on the surface of 
carbon-based catalysts at temperatures over 320 "e and the dehydroxylation and dehalogenation 
reactions to a free radical mechanism identical with that of the thermal reactiod. We concluded 
that two types of catalytic active centers are present on carbon black. In this presentation we will 
elaborate on the nature of carbon black catalytic activity and conhast it to that of graphite. 
The ion radical mechanism for the C-C cleavage mechanism which we observe in the case of 
carbon black catalysts is disputed by Penn and Wang based on an extensive presentation of 
literature data and on their own experimental results for radicalation generated in solution in 
the presence of polar solvents6. Under their reported conditions, no cleavage of any C-C bond 
is observed unless a tehaaryl-substituted ethane was used as a substrate. They conclude that the 
ion-radical mechanism we proposed for the carbon black catalyzed reactions is incorrect and that 
the solvent-assisted ipso addition of a hydrogen atom' is the most likely explanation for both 
thermal and catalytic carbon-carbon cleavage of the type we observed. The role of the catalyst 
is considered to be to accelerate either the formation of the hydrogen atom or the addition of the 
hydrogen atom to the substrate, or both. The source of the H-atom is the solvent. 

We will discuss in this paper the data that rise doubts about extending the free radicals 
(including ipso addition of hydrogen atoms from solvents) as the initial step in the cleavage of 
specific strong C-C bonds under the conditions of heterogenous catalysis on carbon catalysts. 

4-(l-naphtylmethyl) bibenzyl (I) n-hexyl-pyrene 0 
Fig. 1 Model compounds used in this study 

EXPERIMENTAL 
The experimental conditions for testing the model compounds described in Fig. 1 and the 

methods used for products identification and conversion calculations have been already 
published*.'. In this study, the catalytic reactions of I and 11 have been studied both in tetralin 
and perdeuterated tetralin, both from Aldrich Co. 
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RESULTS AND DISCUSSION 
Carbon-talyzed C-C cleavage reactions were performed for I and II, compounds having 

the general formula Aryl-Cg-R, where aryl is naphthalene (I) or pyrene 0. The selective 
cleavage is catalyzed by carbon black at temperatures of 320 to 42PC. The graphite does not 
catalyze the cleavage. Unlike the dehydroxylation and dehalogenation reactions which require 
the presence of a Hdonor, the carbon black catalym the C-C cleavage both in the presence and 
absence of the Hdonor. Another reaction observed in the presence of deuterotetralin is H-D 
exchange. This reaction is catalyzed both by carbon black and graphite. At 35w and reaction 
time of one hour the degree of H-D exchange is 58% in the presence of BP2000 and 12% in the 
presence of graphite. At 4oooC and one hour reaction time the H-D exchange is 93% in the 
presence of BP2OOO and 74.6% in the presence of graphite. However, the yield of selective 
cracking of the bond adjacent to the naphthalene ring is 20.4% in the case of BF'2000 and zero 
for graphite. In the presence of graphite, the cracking is less than 1% and the selectivity is 
typical of the thermal reactiod. We conclude that it is no connection between the mechanism 
of H-D exchange and the selective cleavage of C-C bond described above. We believe that this 
result, together with the calculations of Ades et.al.'.9 and the results of Charge Distribution 
Analysis reported previously2 make the ipso addition UnLikely as the mechanism of the carbon 
black catalyzed C-C cleavage. 

The mechanism we propose can be described as follows: the condensed polyaromatic 
moiety of the compounds studied is adsorbed preferentially on the surface of the carbon black 
concurrent with the carbon surface beaming positively charged (at temperatures over 320 "C). 
Subsequently an electron is transferred from the condensed aromatic ring to the carbon catalyst. 
In the ion radical formed, the weakest bond becomes the C, - C- adjacent to the polyaromatic 
system'*9. If the temperature is high enough for cleavage of this bond, the reaction will take 
place and the free radical formed from the substituent group will abstract a hydrogen atom from 
another molecule (for example the hydrogen donor present in excess). The naphthalene fragment 
resulting from cleavage has a higher oxidation potential than I (1.54 eV for naphthalene'O vs 
1.257 eV for 1" and wi l l  not transfer an electron to the carbon black. Consequently, a free 
naphthalene radical will desorb and abstract a hydrogen from another molecule. This initial 
cleavage of the ion radical could explain why cleavage reactions are obtained only at 
tempera- where the surface becomes positively charged and why the cleavage is observed 
at t e m p e r a m  much below the thermal background. 

The high energy, very M y  more delocalized radical ions typically formed in mass 
spectrometers could also exhibit very different reactivity from the radical ions formed on a 
surface. The extrapolation, therefore, of gap-phase ion-radical reactivity to surface reactions is 
tenuous at best and can be misleading when interpreting results from heterogeneous catalytic 
reactions. 

The data presented above may be useful for understanding some of the observed 
differences in the chemistry of radical ions in the gas phase or solution as compared with 
reactions on a surface. They could also be helpful for understanding why many of the 
heterogeneously catalyzed reactions require higher temperature than those under homogenous 
catalysis conditions. 

, 
r 

CONCLUSIONS 
Our data indicate that the mechanism of selective C-C cleavage in the presence of carbon 

black involves in the first step an electron transfer from a condensed aromatic ring to the carbon 
black surface when this surface become positively charged (Le. at temperatures higher than 32P 
C). The result is a very different reactivity and selectivity of the ion-radicals toward C-C bond 
cleavage than that taking place in solution or in a mass spectrometer. 
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Abstract 

Iron based catalysts have long been known to enhance the conversion in a direct coal 
liquefaction process. Attempts to increase the moderate activity of these catalysts 
have focussed on reducing particle size, enhancing and maintaining dispersion, and 
modifying the structure by addition of promoters. The use of sulfated hematite has 
been shown to yield enhanced conversion for the liquefaction of a subbituminous coal 
as compared to hematite. Further, the use of promoter metals such as molyWenum 
and tungsten on the sulfated hematite was shown to further improve the activity of 
these particles. More recently it has been shown that the addition of combinations of 
promoters, such as nickel and molybdenum, may increase the activity of the particles 
at lower promoter loading. The role of the promoter metals on sulfated hematite will be 
compared to other unsupported catalysts using model compound reactions. 

Introduction 

The utility of iron based dispersed catalysts in direct coal liquefaction has been well 
established since the early 1900‘s. particularly for the liquefaction of low rank coals. 
Since that time considerable effort has been directed at improving the activity of these 
catalysts. This effort has focussed on reducing the particle size, enhancing and 
maintaining the dispersion, and modifying the structure by addition of promoters. 
Reducing the particle size will increase the surface area to volume ratio and result in 
higher activity at similar weight loadings. Further, sufficiently small particles may have 
properties different from those of the bulk, particularly with regard to surface 
energetics. 

The use of oil soluble organometallic precursors offer the highest possible initial 
dispersion. However, one study found that these precursors tend to agglomerate and 
form larger particles at a faster rate than a particulate precursor.‘ This agglomeration 
quickly reduces the high dispersion and associated surface area for the oil soluble 
precursors. This would seem to indicate that particulate catalysts can maintain high 
dispersion for longer times and may therefore have higher activities than the 
organometallic precursors. 

Efforts to improve the activity of iron oxide particulate catalysts by reducing the particle 
size may have reached a limit in the form of Nanocat produced by Mach I. These 
particles are reported to have an average diameter of 30 A. The small size of the 
particles makes identification of the phase difficult by traditional techniques. The 
Nanocat particles have been identified as a-Fe,O,, y-Fe,O,, and FeOOH by the 
manufacturer and various researchers, respectively.’ 
improved activity for the liquefaction of a low rank 

Several studies have shown the high activity of sulfated hematite for both liquefaction 
and coprocessing of coal with a petroleum resid? ’ The use of molybdenum or 
tungsten as a promoter metal further improved the activity of these particles.8e The 
use of nickel, cobalt, tungsten, and molybdenum have been examined as promoter 
metals, both individually and in combination.’’ Molybdenum showed the largest 
increase in activity when used as a promoter on the sulfated hematite. While the 
activity of tungsten and cobalt, when used in combination with molybdenum, appeared 
nearly additive, the combination of nickel and molybdenum exhibited a synergistic 

These particles have shown 
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effect, resulting in higher conversions and lower promoter loading. 

Unsupported molybdenum carbides and nitrides have been prepared and tested for 
their activity using model compound reactions." The results indicate the significant 
activity of these particles for hydrodesulfurization (HDS) and hydrodenitrogenation 
(HDN). The molybdenum carbide was found to be resistant to bulk sulfidation during 
the reaction, although it was reported that a surface layer of MoS, may have been 
formed. The sulfided Mo,N was reported to have higher activity for HDS than either 
MoS,or molybdate indicating that the surface was not MoS,, although the exact 
surface composition was not determined. 

The role of catalysts in coal liquefaction is obscured by the complexity of the coal 
molecule itself. The exact nature of the structure of coal has been the object of 
considerable study. While the structure is not known; it is generally accepted that coal 
is composed of highly aromatic clusters connected by crosslinking bonds. These 
crosslinks may consist of aliphatic (methyl or ethyl) bridges or heteroatom (O,S,N) 
bridges. The role of catalyst in selective cleavage of these bonds may be elucidated 
by the use of model compound reactions. The activity for cleavage of the sulfur 
bridges may be studied by the HDS of benzothiophene. Similarly, the activity for 
cleavage of the etheric bond may be inferred from the HDO of diphenyl ether and the 
activity for nitrogen removal by the HDN of quinoline. 

Experimental 

The reactions were carried out using 25 mi stainless steel microautoclave reactors. 
The reactors were loaded with a 5 wt% solution of reactant in hexadecane. The 
catalysts were loaded at 5 wt% on reactant basis and 0.017 g dimethyldisulfide 
(DMDS) was added in most runs. Experiments were carried out using DMDS alone in 
order to determine its influence on activity and selectivity. The reactors were purged 
and pressurized to 800 psig (cold) with hydrogen. The loaded reactors were placed in 
a heated fluidized sand bath at 385% and agitated vertically at 400 cycleshninute to 
minimized any mass transfer constraints. The reactions were carried out for times of 
15 to 60 minutes after which the reactor was quenched in a cool sand bath. 

The reaction products were removed from the reactor by washing with THF. A gas 
chromatograph (Hewlett Packard 5890 Series 2) using both a 30 m DB-5 and a 30m 
carbowax column was utilized to analyze the products of the reaction. The activity 
was determined by the rate of model compound disappearance. 

The spent catalyst was collected and stored with the product to reduce oxidation from 
exposure to air. The major phase of the particles was determined by XRD and the 
average particle diameter was estimated from the peak broadening using the Debye- 
Scherrer relationship. This allowed the comparison of catalyst conversion to reaction 
conversion. 

Catalyst Synthesis and Characterization 

The iron based catalysts used in this study were prepared using an aqueous 
precipitation technique. This method involves the coprecipitation of iron and a 
promoter metal in the presence of sulfate ions. In this study, urea was used to effect 
the precipitation of ferric ammonium Sulfate (iron alum), following the method of 
Kotanigawa et al? The promoter metal molybdenum was incorporated by addition of 
ammonium molybdate to the iron alum solution, as described previously." Ammonium 
nickel sulfate hydrate and cobalt sulfate hydrate were used to add nickel and cobalt, 
respectively. The,precipitated catalysts were filtered and dried in an air flow oven 
overnight and then calcined in air at 475 "C for 30 minutes, 

The promoted sulfated hematite catalysts were analyzed by XRD, XPS, TEM, SEM, 
and nitrogen BET adsorption. The results of the electron microscopy have shown 
that the catalysts consist of a loose agglomeration of particles with an acicular shape 
with average dimensions of -10x50 nm, shown in Figure 1. Surface areas were 
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measured by the nitrogen BET adsorption and were found to be in the range of 100- 
200 m’/g. The addition of up to 10 wt% of molybdenum had little effect on the particle 
size and no apparent effect on the major phase identified by XRD. shown in Figure 2. 
The XRD spectra of the as-formed catalyst indicate the major phase is a-FeOOH in 
addition to a trace of a-Fe also present. After calcination the major phase was a- 
Fe,O, with a-Fe still present. The relative amount of a-Fe does not appear to be 
affected by the calcination. 

Elemental analysis of the sulfated hematites indicated sulfur contents of 2-6 wt%. It 
has been reported that the sulfur is present on the surface of the hematite as 
chemisorbed SO3. XPS confirmed this showing that the surface sulfur concentration 
was significantly higher than the bulk concentration. It was found that the sulfur 
content decreased with increasing molybdenum concentration. This may indicate that 
molybdenum is chemisorbed as MOO, displacing the sulfur on the surface. The XPS 
studies confirm this, showing that the surface concentrations of molybdenum, sulfur, 
and tungsten are substantially higher than the bulk concentrations. Nickel and cobalt, 
on the other hand, have similar bulk and surface concentrations indicating that they 
are substituted into the iron oxide matrix. It follows from Goldschmidt’s rules of 
substitution that the hexavalent ions, Mo, W, and S cannot substitute for iron while the 
nickel and cobalt can s~bstitute.‘~ 

The molybdenum nitride (Mo,N), molybdenum carbide (Mo,C), and molybdenum 
sulfide (MoS,) catalysts were produced by a laser pyrolysis technique. This method 
utilizes the intersection of a tunable CO, laser with a gas stream to create a small 
(-lmm3) pyrolysis zone. The flow rate of the gases determines the residence time in 
the reaction zone and, consequently, the particle size and phase. This method has 
been shown to produce monophasic particles with a narrow size distribution. The 
particles have an average diameter of -5 nm and a surface area of 65 m’/g. 

Results 

The use of the unsulfided molybdenum promoted sulfated hematite showed little 
impact on the hydrogenation of naphthalene varying only slightly from the thermal 
conversion of 7% at 60 minutes. The addition of sulfur alone impacted more favorably 
on the reaction increasing the conversion at 60 minutes to 19%. The synergism 
between the sulfur and the promoted sulfated hematites is clear in the experiments 
using added sulfur with the catalyst. In these runs the conversion increased to 82% at 
60 minutes. This corresponds well with other work which has shown that the activity 
of iron based catalysts is dependent on the partial pressure of H,S pre~ent . ’~  

The unsulfided molybdenum nitride, with a conversion of 59% at 60 minutes, showed 
higher activity for naphthalene hydrogenation than the unsulfided molybdenum 
promoted sulfated hematite. The addition of sulfur to the molybdenum nitride had only 
a minor effect on conversion. However, the use of a molybdenum sulfide resulted in, 
a significant increase in conversion to 46% at 30 minutes compared to 29% for the 
sulfided molybdenum nitride. This indicates that the nitride is stable at these 
conditions and resists surface sulfidation, agreeing well with previous findings.” 

The activity of the promoted sulfated hematite for the HDO of diphenyl ether followed 
a similar trend. The unsulfided molybdenum promoted sulfated hematite showed a 
slight increase in conversion to 26% at 60 minutes, compared to 21% for the thermal 
run. The addition of sulfur alone caused a significant decrease in conversion at 60 
minutes to 12%. The combination of sulfur and molybdenum promoted sulfated 
hematite resulted in an increase in conversion to 39% at 60 minutes again due to the 
attainment of the active phase. 

The molyWenum nitride showed a higher activity for HDO than molybdenum promoted 
sulfated hematite both with and without sulfur. The conversion at 60 minutes was 
53%, significantly higher than the 39% achieved with the promoted hematite with 
sulfur. The addition of sulfur to the molybdenum nitride resulted in a substantial loss 
of activity yielding a conversion of only 20% at 60 minutes. This indicates that the 
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addition of sulfur severely inhibits the catalytic activity of the molybdenum nitride. 

Conclusions 

The activity of promoted sulfated hematite has been compared to the activity of other 
Unsupported catalysts using model compound reactions. Preliminary results indicate 
that the molybdenum promoted sulfated hematite shows significantly higher activity for 
the hydrogenation of naphthalene to tetralin when sufficient sulfur is added to the 
reaction. In the absence of added sulfur the activity of the promoted sulfated hematite 
was negligible. 

The molybdenum nitride exhibits the highest activity for HDO of diphenyl ether. The 
addition of sulfur increased the activity of the promoted sulfated hematite but severely 
inhibited the activity of the molybdenum nitride. 

In both reactions the catalyst loading was 1 wt% on reactant solution. Since the cost 
of the promoted sulfated hematite is substantially lower that the molybdenum nitride, 
due to a lower molybdenum content, the results of this study indicate that significant 
improvements in process economics may be achieved through the use of these 
catalysts. 
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Figure 1. TEM micrograph of molybdenum promoted sulfated hematite 
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Figure2. XRD spectrum of molybdenum promoted sulfated 
hematite indicating peaks identified as hematite and a-Fe 
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MODEL HYDROCRACKING REACTIONS OVER MONOMETALLIC 
AND BIMETALLIC DISPERSED CATALYSTS. 

Eckhardt Schmidt and Chunshan Song* 

1;iid .Sc.iura'r I'rl,,ymii. Ikp i r l iwi i l  ojM~rriurbr0 .Wir,iru o,id i . ' f i ,q iw~~ri f fq.  2fN A~'fi~lrffrr,' l'r+',,l.\ 
lltc;/d;rt,~, 7 % ~  /'mti.s~lwtti;~t ,Xiit16 Utiivrriin.. lJ/iiwr*ily Pork. PA /&W2 

Coal liqiicliiuion invnl\csclc;~\;lgc ( 1 1  mcthylcnc iind dimcthylcnc b r i d p  ccmnccling p~l!c].clir~ iiriimiilic unilc. Thc rclcclcd 
irrilipiund Iur mc&l cowl liquctaction rcacti(m< IC 4( I -naplilh~lmcthyl)bibcn/~l (NMBB). This \\<Irk dcsclibc\ lhc synthesis 
and scrccning ,,i scvcral hclcro- and Iimnomctdlic complc\n :R p~ccuiu, i~  oldirpcixcd calal!st, l<,i h)di(IciacLing id NMBB. 
E\perimcni.: ucrc c;inicd out iil 4 x 1  "C for 30 min undcr 6.9 MRi HZ prcssuic. (NH,)2M(B, imtl M(lCl.3 con\ crtcd NMBB 
picdoniinalcly inlu naphthalcnc and Cnicthylbibcn/.yl. Small anicwnt\ < > I  scc(indary prrduch Ivcic i (uncd by h!dn~gcnaIioti 
and Iragmcnliitiam 01 Ihc priman pndurls. Lcnis arid-lypc MKI.3 c:it;iI)sl p n c  lu\\cr LcIccIit ily 10 Ihc primiin pr iduc l~,  
wilh iclativcly lilrgcr amounts 111' mclh~ltclrali~dnmaphthalcnc- and mclhylnaphlhnlcnc-dcri\;ili\ CY, I n  c(lnlias1. lhc nrganii- 
mcliillic catal)sl prccurwis Cpy&~Mq(CO)?S,, Cp,FcjS, ;inJ (Ph,P)2(Ni(M,S,)) inl l ic l  ICSL lr i igmcnii i l i~~n and ICs< 

hyhrgcnalion ( 1 1  pnmaryclcatagc produeis. C p 2 C o ~ M w ( C 0 ) 2 S ~  con\crlcd a zubsvanlial iimuunl (11 slarling malcrial c tcn 
n<mc;ii;ilylic run iindcr Ihc s3mc cnndilions shoncd only sm;ill c',m\crrinn. Grcalcr produel selccli\ i t )  
cans d'organoinctallic prccursur and low sc\ cricy rcaclion ccmdiucm.;. 

prccursors gnvc similar cnnvcrsions. Thc syncrgi.;lic cl lccl hclcrt~mclsllic o \cr  hnmi 
dcmmslmlcd by Co-Mo and Ni-Mo. which gasc lar liighcr cnnvcrwm than lhc Ih iwuhnc-  
;items. Thc addition n i  suliur lo Mo(CO)(, and Cw(CO)X/Mir(CO)r, p c  highcr con\ 
hydnigcnauon priducts 
' 

Keywords: Modcl rcactions. h!droc.racking. disperscd caralysl*. iiiononicLa11ic and bimclallic ciitaly?ls 

ln t rodurt ion 

First aucrnp~s kr Iiqucly coil1 w r c  carricd oul in  thc beginning o f  thc 20' 
and i n v d v n  huntlrcds 01 Jil'lc-rml cnal c<,mpnncnls \vith w"oi is luncliiinal 
complcxily ~ I c t l i l l  liquclaclion reactions makcs 11 ! c y  dilficull 10 sludy Ihc 
dillicull Io find optimum rciiclion conditions Cor sclccIiw hmd clc;i\sgc. Fur 
dillcrcntly w i h  dillcrcnicntalysts. Wc aclcctcd lhcrclirrc Ihc nindcl ciimpiund 4-( I -n~iphlhylmcthyl)bibcn~yl (NMBBJ. which 
consisis n i  liioclionitlitics that iirc rclafcd 10 ctul sIrucIiircs (2-6)  Among thcsc arc iilkyl groups which inlcrconnccl mimalic 
nioielics and dillcrcnt ring syste particular inlcrcsl 1,) our g rwp  was thc lac1 lhat its rcactio11 CJIl gl \c us Intormnticm 
aboul thc lcalurcs n l  dillcrcnt w In ii typical hydroliquciaclion rcaclion, coill rciicis a1 Icmpcriiliircs a h n c  4 N I  'C \I i th 
7 MPa H2 pressurc lor a period 30 min 10 primary liquclaclion pnducls. Elficicnl conversion can only bc achlcvcd by 
iransilion mctiil conlaining cnialysls and mcliil conccnlralions nl 1 WI 'i or Imvcr. Suiliiblc ciital)lic syslcms contain Co. Ni. 
MO or 11s combinalions. cilhcr as inorganic complcws. or nrganomctdlic spccics. Gixd solubilily 01 ci~lalysl prccursors 
gcncmlly lcads lo bcllcr cavalysl dispcrsion ;ind grcalcr cflccd\,cncss f o r  liquchclion rciiciions (73). Onc iva? 10 achio c bcllrr 
dispersion is the usc id' soluble r,rganomcl;lllic prccurwrs which prcxlucc i n  situ fincly dispcrscd aciivc catalyst particles a1 
clcvatcd lcmpcrturcs Grcalcr catalyst wrliicc arca incrrascs thc yield oC pnducls dramatically, duc 10 grcatcr hydrogcn 
acilivalion by augmented rciu'livc wlalysl sites. Himchon and Wilson (9.10) demonstrated lhat highly dispcned cxtalysls lnm 
organanomclallic prccurws can tccf lrCi i tc lor h)dri>gcn;iring Ihc co(iI wlh midcciilar hydnym wilhwl rclJing upon ii dimor 
solvcni . 

This paper rqxrLs our work on hydrncracking c\pcrirncnls iii NMBB m c r  dillcrcnt lransilinn mcliil catalysl precursors. 
Thc cllecls ilf inorganic and orf;~n~rmctallic (rnonimctallir and bimetallic) calalysi prcciirsor\ on convcrsinn and prodiirl 
scIccliviIy will be discussed. Also, thc inllucncc ol  lhc rcaction lcmpcnturc on Ihc pnducl distributirm will h investigated. 

Experimental Srr t ion 

Preparation of Catalyst Precursors. Thc complexes (PbP)2(Ni(MnS,)) ( I  I) (Ni-Mo) and Cp,Fc,S, (12) (Fc4) 
\ m c  prcpnrcdaccording lo Ihc mcthilds dcscribcd in Ihc litcralurc, kiscd on Ihc prnccdurcs or 6Nnncr ;md Wachicr (I I) and 
Schunn, Frilchic and Prcwill( 12). Thc IhiwAnnc cluster Cp$l?Mq(C0)2S, (CoM<>TC?) \VAS synlhesircd carlicr (13) in  
our l a h ~ ~ l o r y .  Samples w r c  slorcd a1 - 2.5 "C prior In use. A l l  rccr)slalli;.;liions 01 ihc hirmcb and hctcromctallic clustcr 
cornpumds w r c  earned OUI quickly. The crystalline prixlucls arc stable nn cxpxurc to illr but dccomplsc slo\vely in  solutinn. 
Sulfur and (Nk)zMoS, (ATTM) wcrc purchased lrnm Aldrich. Mc)(CO)h. C q ( C 0 ) s  from Alla and thc mndclcl compnund 
MNBB irom TCI America. GC-MS confirmed sulficicnl purity 01 NMBB (> 99 'h) and 11 was used wthout lurlhcr 
punficalion. 

Model  compound reactions. A stainless slecl rcilclor (tubing hmb) with a capwily o l  33 ml was Icudcd uslh ca. 
0.25 g NMBB. 2. I I .h'l% cal;rlyst prccunnr and 0.125g solvent (tndecanc). Thc reactor was purgcd ihfcc limes wilh HI and 
thcn prcssunml with 6.9 MPa H2 at rn im tcmpcraturc for all cxpcrimcnls. A prchcalcd Iluidi/.cd sand bath \%'as uscd as 
hcaling snurcc and Ihc rcaclnf agilaicd via an nscillator by wri ical shaking 01 ihc horimntal micru rcactor (aboui 240 
strokedmin.) Aner thc rcaclion the hut tubing h m b  w s  quenched in  cold uater and the gilre>us producls collccled in  a ga~ 
bag for lurthcr analysis. The liquid cnntcnls \wrc a,ahcd w i h  I S  ml C H ~ C I Z  through a low* sped fil icr papcr and slored in 
sinall glass bottles lor qualili l ivc and quanlivativc GC anilysis. ALI runs wcrc carricd nul ai lcasl lwicc 10 confirm 
rcprcducibilil). 

The cnmpwnds wcrc identilied by capillary gas chr(imalngraphy-mass specimmctn. (GC-MS) using a Hcwlclt-Pdckard 
.w90 I I  GC couplcd with a HP SY71A mass-selccIivc dclcclor operating at clcclron impel modc (El, 70 cV). Thc column 
uscd for GC-MS was a J&W DB-17 column: 30-rn X 0.2S-mm. ccwlcd with 100 % phcnylmclhylp)lysilo~anc with a 
coaling film lhickncss o l  0.25 fim. Fnr quanlilicalion a HP 5x90 II capillary GC with a flame ionizatian dcteclor and thc 
Liilmc type of column (DB-17) w x  used. Both Hcwlctt-Packard GC and GC-MS wcrc prngrammcd from 40 10 280 "C ai a 
hcaling ralc of 4 W m i n  and a final timc or30 min. The rcsponsc laciors of 10 pure compounds werc dclcmincd. Morc 
CXpenmCnwl and analytical deals may be found clscwhcrc (1417). 

Results and Discussion 

Hydrocracking of N M B B .  Tables I and 2 show thc results nl hydrocracking of  the mcxlcl compund NMBB ovcr 
diflcrcnt calalgst prccursors. In the absence o l  a catalyst, lhc conwrsion ai 3(x) "C is only 1 C and incrca%s 10 about 4 .i: al 
4 M ) O C .  The Inorganic cal;llyst precursor ATTM increased thc conversion ai 350 'C rclatiw lo the thcrmd N n  by El lo. A 
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run ai 4(X)OC shows the cllcci of clcvaling rcaulion lcmpcraturcs. Thc con\ciri<in inclcwcd b! :ddlll~lWd 3 0  ' 4  . hkd!bdcnum 
lrichloridc prnvcd 111 bc Icss cllcclivc and ga'c ah111170 Q con\cnim. 

Ol ihe calalysis sstcd. (Ph,P)?(Ni(MoS,)) and Cm(CO)x+S sh<wcd Ihc highcsl con\cnion (95 '1 t .  N i - M ~ ~ c ~ i n \ i \ i *  il 
ckun Iikc siructurc with Iclnhcdral cnvinmcnl aniund nickel iind miilybdcnum (Schcmc I ). 

From thc &la in Tablcs I and 1 Ni-Mo IF apprcntcly thc bcsi 
prccuruw and Cp,Fc& is  thc worst among thc catal!ci 
prccurwrr ic+xl. A gcncral obscmation is lhal  lhc acwit\ 
thc in silu gcncralcd calaly\ls 15 %mallcr a1 lnncr Icmpcmiurcr 
and incrcLws al clc\atcd smpcralurcs. In an allcmpl lu c\amlnc 
thc role 01 h i d i n g  bclwccn Iransilion mclals. wc lcslcd Ihc hl. 
i i ic i i i l l ic ihi<cubanc-lypc GI 

(Schcmc 1). thc hoiiiomclallic 
Schemel: Structure of the bimcwllic SulliJc IPh4Pl~lNilMoS4)ZI and dllicrcnl lj~clitl c i l r h q l  coin 

ihcrmnl dccompisili<in) similiir ralal? SI cmnpxilrim a\ Co-M<+ 
TC3. 
Thcrcarc dirct:l mclal-mctal hmds bclnccn C<l-Mo, Cci-Co and 
MwMn. bcstdcs Ihc sullur bridgcs in  Ciihlc 
is. do in  situ gcncrasd cahlysh irom caul) 
haw mctal-mcul hinds, s h w  dillcrcni 
Tablc I show.< thc supcrioi perloriiiancc 01 cawl)cl\ cmhining 
cilhcr Mo, or Co+Mo. Using Mo(CO)6 alnnc gavc Similar 
rcsulis as runs with Ihc iniuurc o(i two corrcspmding inclal 

Amoiig lhc tcslct niclal carhnyls. C<izICO)x i s  ICSS a c h c  
compiirctl 10 lhc Ihiocubiinc lypc 
mi\cd mctal carhmylr. A bcnclicial 
\\hen sull'ur \\:Is addcd l o  C<rz(C 
incrcmcd dramalically. Addition 01 sullur lo Mo(CO)h did not 
improvc Ihc uonwrl ibi l i ty ol NMBB, bul ;iddcd siilltir 10 

Mo(CO)h/C<q(CO)x gave IO <%, highcr conversion. Work o n  lhc advantagc ni using dillcrcnl mclals in  a single calrllysl 
rcpms Ihc syncrgislic cllcct ol hcsrogcncous u;iwlysis Thc addilion or Co or Ni IO MoS?-conhining prccunors incrcacd 
lhcir catalylic aclivily considerably. Howcvcr, lil l lc wnrk h ~ s  bccn done o n  comparison (11 calalylic cllccls bclnccn mncd 
mctal c;irbonyls, inorganic- and organomcullic hclcnwlnmic prccurson. Prc\'ious w i r k  ( IX-22) rcpvls mainly Ihc mi\lurc 01 
dil'l'crent transition mchl wlls.lt is knaa,n (34-27) lhal wlal!sl prccurum likc mctal carhmyls rcquirc Ihc addition ol sullur 
lor  sullicicnl iiclivily. Thc bcnclicial c l lcc l  n l  siillur addition 111 hydrogcnal i i~~ rcxl ions n i i s  suidicd on thc s)slcm 
malybdcnum sull'idc and oxide (31). There seems (33) to bc cnnscnsus lhal Ihc sullidcs nl lhc transilion mctals arc more 
acfivc in catalytic hydndiquclistion lhan lhcir <i\idcs. The rcason lor this rcmiiins tinelcar. Monl;inc> and cw\nrkcrs l2X,2')) 
haw cmphaFi/.cd the imp)rhncc 01 correct sloichiomclry bcl\\ccn molybdenum o\idcs and sulliir in high lcmpcralurc 
con\,crsinn rcaclions in irrdcr 10 gcncnilc wlalylically aclivc Ma72 puiirlcs. Tcmpcr;rturcs as high iis 391 'C arc rcqiiircd lor 
this aclivalion pnxess. The awdoguc translnrmaiion ul FeCC0)s ink) pyrihotitc (FCI .%S. where Or\rO. 125) is dillicull 10 
pcrfnrm and irnn carbonyls lcnd io T n r m  Icss rciicliw m n  carbides and midcs (15) during thc iiclimliiin pnrcss. This might 
explain the 1kw actiwly o1'our caulyst precursor Cp,Fc,S,. Thc iron catalysl 1rom C p ~ F c ~ S ~ . w ~ w l d  no1 bc UCIIYC due 10 lhc 
difficulty d' limning pyrrhnlitc. Annlhcr rcason f o r  lhc In\\, clfcclivcncss ol the irnn-cluclcr in hydnrr  
that irnn appears In lunctim by removing oxygen lunclionahlies whcrcas Mo  caw1 
In our prcvious work. il has been dcmosnlratcd that the Ihic&?anc CnMwTC2 I 
Cq(C0)8, and sullur lnr liquclaclion 01' a subbiluminoua coal ( 13). Comparison n1 
the Ihiocutxinc bimckl l i r  c:~lalysts iire no1 supcrior 10 lhc corrcspmding mislurcs ol Co. Mu and sullur. Thc rxthcr c\pcnsiw 
preparation nl thc bimetallic catalysl precursors leads 10 lhc cnnclusinn lhal chcapcr meliil combinaiinns can achieve 
comparablc rcsulls. Wc lncusal lhcrclorc nur mcntion 10 pnxluct selectivity under ID\\. sc\'criiy rcaciion ccmdilirms io siudg 
prwlucl dislnbulton ol NMBB hydrocracking rcaclions under lhc influence d homo- and bimclallic caLllysl prccurwrs. 

S s .s S 

\ J- \ JF \ ./ 
S 

S S i'\ S 

? 

i J J  (2 
li. -s i'cr-s 

I] fy;. I ) f g  
&./I .... .Q .,/ I ,.."P 

/I+ --s ('P /- compounds 1hal can also bc lound i n  C p z C q M q ( C 0 ) ~ S j .  I 
('P 

<'P,k,S, (~p~c<>2\lu>(('l)~s, 

Scheme 1: Slruclureo(thc Iharubanc-lypc calal)\l prccumln 
C~JEJSJ. and C ~ C O ~ M O ~ ( C O ) ~ S J  

Product Distribution 

Hydrixrackingol NMBB yiclds ihrcc prcxluct calcgnrics that can bc c\plaincd by Ihc clcavagc ol lhc hinds bciwccn the 
arnmiilic mniclics. Thc idcnli lied produels can bc classilicd inlo hydnuiicking, hydrngcn;ili,m and isomcnziiion pnxlucl\. 
Those coming lrom hydnxracking rcaclinns form lhc major prd nl  reaction produeis, lollo\vcd by hydrogcnaiion and 
isnmcn%iilinn produeis. Figurc 1 shows ihc prcxluci disiribulion lrom c;iwlysl-ircc roiclions. Thc Ihcrm,tl rcaclim 01 NMBB ill 
300 "C yields only Iwo pnducls. 4-mcthylbibcn~yl (4-MBB) and naplhthalcnc (N). Highcr tcmperaturc (4)O "C) gavc 
enhanced cw~vcnion and 111'icc as much product.\. BcsidcsCMBB and N. I-(naphlhyl)-41~rlyI mclhanc (NTM) imd tcln$lin can 
bc iound as hixh lcmwralurc ~nxlucls. Gcnerallv. increased lcmocralurc rcsults in  lower x lcc l iv i iv  The ratio 0 1  m a w  \ ~~ ~ - .  
products in  nur mndcl rcaclinnso\cr IhioL.ut*nc c;it;ilysls (Figurr ?) rcmiiins similar n ~ c r  ii widc lcmpcralurc range. Wc ran 
see in  Figurc 3 mnrc 4-MBB lhan BB and more naphlhalcnc (N) lhan lctrdin. Scwrd  sludics. including Ihc prcscnl w r k  hmc 
shnwn lhal NMBB lcnds 10 undergo clc;ivagc o1 hmd a cnnnccling Ihc naphthyl group 10 Ihc rcmindcr 01 Ihc molcculc when 
subjedcd Io a varicly 01 catalysts under a \'anel). olcondilions. Farcaiu c i  ill. suggcslcd a rcaclinn mechanism in  which ihc 

o i  Ihc Snrmalion nl a radical ciilion. Thc loss 01 clcclrnn dcnsily Ieiidc IO ii uwkcnrd a-hml  which ciin lhcn 
ly easily. This is  in  conirw lo modcl sludics in  which phenyl-containing compounds undergo prclciably b- 

In  lhc work 01- Pcnn and Wang (h)  radical callions ucrc gcncmtd in 
lhc mass spcclromclcr undcr a variety nlcondilions which had lill lc 
i m p c l  on lhc hmd clcvagc plthway. Prclcrcnce lnr kleavagc ivas 
observcd. It was e\plaincd by rcsnnancc stablizalinn (11. the 
iniermcdi;lles lormcd wa bond b clravagc. Both inlcrmcdialcs arc 
I-csonancc skbiliicd. Thcrniiclicm~cd cdculalions ( 3 0 )  shon lhsl 
rcaction pathway b i s  30 kcallmal lower Ibr hrlh neutral and rdid 
cationic spccics lhan pathway a. In contrast. nciilicr of Ihc 
inlcrmcdialcs rcsulling l rom bond a cleavage is stabiliicd. 
H~nscvcr. in Ihc prcscncc o l a  catalyst. the major rcaciion pathway 
mainly involves ihc cleavage ol hmd il (Schcmc 3). These sludics 

~ l k - 3 :  ~ w ~ t i d  c ~ ~ ~ , ~ ~ ~  ,itCr in . l . ( i -rnphth, lmrihgl )h ,~ .~ ,~ l ,  indicaic that a ncw dccompr;iiton pathway mechanism must h 

clca\,age (6). 

h-lbriiion 

+l'c4tion &-@ 00 
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Table I. Hydr~~,-acl;ing 0 1  NMBB ~ w c r  dispersed metal carbonyls and mi& mclal carbonyl with and u,iihoul added sulfur ill 
4x1 'C 

Rwclion 300 400 m 44x1 400 400 400 400 

S Co2(CO)x Crq(C0)X +S 

PrlXhlClS [\VI 11 
Cycliihcunc 1 . 1  2 1  

Tolucnc 0.3 I .4 0 5  0.4 0. I 0.7 0.8 
pXylcnc 0.7 0.2 0. I 0.3 
Tcwdin 0.3 17.3 15.1 21.0 11.7 6 3  5.3 
Naphthalcnc 0.4 n.6 13.n 15.3 s. 1 10.2 5.4 28 0 
2-MTHN l1.X 0.9 0.6 0.x 0.2 
I-MTHN I .x 1.2 2 . 4  0.9 I ,I1 (1.5 
2-MN 11.5 0.4 0.4 0.5 1.2 
I-MN 1.7 I .6 0,s 2.0 (1.4 3.0 

lempcmuire ("C) 
Calillysl Praursor None Nmc Mi(CO)6 Mo(CO)h+ Mo(COk+ M<<CO)6+ Co2(CO)x Cq(CO)8 

+S 

B c 7 m  0.6 0.2 0.7 11.7 0.7 

Bihniyl 
2-MBB 

7.7 10.5 6.3 10.3 I 0 9.9 
0.4 

4MBB (1.6 I .3 34.x 3x5  38.3 40.7 14.0 44.X 
I -NB 0.4 
NTM 0.9 
THNMBB 6.6 
Othcr-THNMBB 7.Y 
Conversion [ut 561 I .O 3.9 X6. I x5 7s.x X6.9 45.6 9s.x 

R w m r  rcsidcncc limc in  prchcatcd sand bath 30 min. \VI 1 baed on Ihc inilial ncighl (>I NMBB Iccd. 

Table 2 Ellccl illinorganic and ih iocuhc- type  precursors on hylrtxracking reaclionsa ol  NMBB ai 3IX)4Xl "C 

Rcaclion 3503 403' 4 W  Joci' 4 X P  3W' ' 3XP 4 X P  4x1'' 
tcmccmlurc PCI  

BCwm.2 0.7 (1.6 4.Y 11.6 0,s 0.6 
Tolucnr 0. I 1.3 1.0 11.6 11') 

Tctralin 6.5 14.2 4.5 X.S 11.5 1.6 6.7 ').4 
Naphthdcnc 14.3 16.9 20.9 13.6 4.3 4.0 I 1 . 0  24.4 23.: 

I-MTHN 0.8 I .2 0.4 0.x 0. I 0.5 O h  

I-MN I .5 1.7 2.7 2.7 fl.6 :.(I 

2-MBB 3.7 (1.2 

Conversion I\vl'k] 55.7 X6.2 70.0 94.7 I 1.7 1I .X 33.5 x(1.3 x7.x 

pxyicnc 0.3 0.5 0 3 0.4 

2-MTHN (1.2 0.4 

2-MN 0. I 0.7 

Bibcn/.yl 3.4 6.3 19.2 6.9 0.3 0.5 1.7 4.7 6.11 

4MBB 28.9 45.1 16.4 445 6.5 6.X I X . 2  411.9 445 

,? 

'' Rcaclor rcsidcncc limc in prchcatcd sand bath: 30 min. ho min. 

Y 
I T  

& 

300 'C 400 'C 1 

Temperature 

Figure I :  Yicld~alpr~xluclsc\cludinggilscs lor non-cowlyiic lhcrmal hydrcx'rackingol NMBB ai 3fKl-JCXl "C. 
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MICROBIAL DESULFURIZATION MECHANISMS 
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ABSTRACT 
Sulfur-specific desulfurization with Rhodococcus rhodochrous IGTS8 and related 
microorganisms may be a useful technology for upgrading high-sulfur carbonaceous 
materials to more environmentally acceptable fuels. Model compound studies with the 
organism showed that dibenzothiophene was converted to 2-hydroxybiphenyl or 
2,2-dihydroxybiphenyl, depending on whether growth or nongrowth conditions were used 
in the desulfurization experiments. The pathways that lead to the two key intermediates 
in the degradation (2’-hydroxybiphenyl-2-sulfinic acid and 2’-hydroxybiphenyl-2-sulfonic 
acid) and the subsequent conversion of these intermediates to the phenol products 
required further understanding. The synthesis of an “0-enriched sulfone substrate has 
been accomplished, and experiments were performed to elucidate the mechanism of the 
conversion to the sultine intermediate. 

INTRODUCTION 
Microbial systems that desulfurize organosulfur compounds have potential use in 
removing sulfur !+om fossil fuels. Some organisms utilize a catabolic pathway that results 
in excision of the sulfur without converting organic carbon to carbon dioxide. 
Dibenzothiophene (DBT) has been useful as a model compound to investigate the 
sulfur-specific behavior in bacterial systems. Intermediates corresponding to this 
thiophenic-ring scission (4s) pathway have been isolated and characterized (1). 

The desulfurization of DBT by Rhodococcus rhodochrous IGTS8 was recently 
demonstrated to proceed via two pathways that result in formation of either 
2-hydmxybiphenyl or of 2,2’-dihydroxybiphenyl, depending on whether growth or 
nongrowth conditions are used in the desulfurization experiments (2). Under nongrowth 
conditions, the DBT was converted to 2’-hydroxybiphenyl via the 
2’-hydroxybiphenyl-2-sulfmate (analyzed as the cyclic sultine ester form). Under growth 
conditions, very little of the 2’-hydroxybiphenyl-2-sulfinate was converted to 2- 
hydroxybiphenyl; instead, most was oxidized to 2’-hydroxybiphenyl-2-sulfonate (analyzed 
as the sultone form), and 2,2’-dihydroxybiphenyl was the major product. The oxidation of 
the sulfinate tu the sulfonate occurs spontaneously (nonenzymatically) in aqueous buffer 
exposed to air, but the sulfinate may also be oxidized in an enzyme-catalyzed reaction. 
These pathways are summarized in Figure 1. Further understanding of the details of the 
pathways and mechanisms of the various steps in the pathways is needed. 

The initial reaction in the 4s pathway is the oxidation of DBT to the sulfoxide 
(DBT-5-oxide) (Reaction A). Further oxidation to the sulfone (DBT-5,5-dioxide) also occurs. 
What is not known is whether the sulfoxide (Reaction B) or the sulfone (Reaction G) is the 
immediate precursor for the 2’-hydroxybiphenyl-2-sulfmate under nongrowth conditions 
and whether the sulfone can be converted directly to 2’-hydroxybiphenyl-2-sulfonate 
(Reaction E) under growth conditions. Is the sulfone an intermediate in the 4s pathway 
or a by-product? 

When sulfone was fed to the bacterium under nongrowth conditions, 
2’-hydroxybiphenyl-2-sulfinate and 2’-hydroxybiphenyl were produced (2). Since the 
sulfone is reduced back to the sulfoxide, whether the sulfoxide or the sulfone is the 
precursor of 2’-hydroxybiphenyl-2-sulfinate could not be distinguished in the earlier 
experiments. 

This paper describes the use of “Oenriched sulfone (DBT-5,5-di0xide-’~O.J to elucidate the 
pathway involving the sulfone. If prior reduction of the sulfone to sulfoxide occurred in 
the pathway (reverse of Reaction 9, then lcsa cf o x  labclcd cixygen aould be observed in 
the sultine and sultone intermediates. 

RESULTS AND DISCUSSION 
The “0-labeled DBT sulfone substrate (98% isotopic purity) was utilized in the 
desulfurization experiment with the bacterium Rhodococcus rhodochrous (ATCC P53968) 
under nongrowth conditions. The supernatant from centrifugation of the culture medium 
was extracted with ethyl acetate, and gas chromatography (GC) analysis showed only 
starting sulfone and final product, 2-hydroxybiphenyl, and no sultine (cyclic form of the 
sulfmate) was present. k o m  experiments with unlabelled sulfone, we know that all the 
sulfmic acid intermediate present in the culture medium is present in the open sulfnate 
form, but cyclizes to the sultine when the pH is lowered. The sultine can then be easily 
extracted with ethyl acetate and analyzed by GC. Therefore, the aqueous layer obtained 
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after the initial extraction (from the experiment with "Oenriched substrate) was acidified 
and again extracted. GC/maas spectrometry (MS) was performed to obtain the isotopic 
abundances for the peaks corresponding to the sultine and sultone. 

It must be pointed out that the cyclization to the sultine or sultone form displaces one 
oxygen from the sulfur, thus half of the label will be eliminated from each molecule of 
sultine. Hence, the sultine molecules will contain a single labeled oxygen if Reaction G is 
followed. If the pathway involving Reaction B is followed, half of the sultine molecules 
will be Single labeled and half unlabeled, as a result of the oxygen displacement. These 
projections assume no Occurrence of exchange or disproportionation, which would decrease 
or increase the numbers of labeled oxygens on sulfur. 

The mas8 spectrum of the sultine product showed molecular ions at d e  218 and 216 
(corresponding to single-labeled and unlabeled species, respectively) in the ratio 2.7. Since 
this greatly exceeds the ratio of 1 predicted for Pathway B, the ratio is consistent with 
Reaction G, and the much smaller number of unlabeled molecules must have been formed 
by exchange with water or disproportionation. The sultine mass spectrum shows a large 
fragment ion at  d e  190, resulting from loss of C"0, and no peak at  d e  188, 
corresponding to loss of Cl8O. Therefore, all the I8O must be attached to the sulfur, and 
none is on the phenolic carbon. 

Thus, the pathway must proceed directly from the sulfone to the sulfmate (Reaction G )  
rather than reducing sulfone back to the sulfoxide intermediate. The reaction that forms 
the sulfinate from the sulfone is actually a reduction with respect to the sulfur. When the 
carbon-sulfur bond is cleaved, the electrons flow to the sulfur to form the sulfinate anion. 

The cleavage reaction that involves formation of the sulfinate is similar to that in the 
electrochemical (3) and metal reduction of sulfones (4), except that hydroxyl is introduced 
at one aryl site in bacterial reaction, whereas hydrogen is added in the electrochemical 
and metal reduction reactions. The reactions of DBTs with basic reagents, such as KOH, 
have been investigated. Attack of nucleophilic oxygen was reported to occur a t  the ring 
carbon at high temperatures in the presence of crown ether, resulting in the formation of 
2'-hydroxybiphenyl-2-sulfinate (5). In the absence of crown ether, very small amounts of 
the sulfmate were formed, and attack at  the sulfur occurred (5, 6). 

In the bacterial system, the initial stage of the mechanism is more likely to involve 
addition of oxygen to the benzene ring via a hydroperoxyflavin cofactor. This type of 
mechanism has been described for oxygenase reactions, such as the salicylic acid and 
p-hydroxybenzoic acid oxygenase reactions that occur in other bacteria. 

Formation of the sulfonate anion by simple addition of oxygen to the sulfinate anion 
would not be expected to change the number of labeled oxygens on the sulfur, and the 
sulfonate would be expected to be double-labeled. Cyclization of the sulfonate to the 
sultone involves loss of one of the oxygens on the sulfur. Thus one-third of the sultone 
would be double-labeled and two-thirds would be single-labeled. But the sulfinate 
oxidation reaction might be more complex, and the labeling will provide some information 
on this oxidation. 

The mass spectrum of the sultone exhibited the molecular ion peaks at 236, 234, and 232 
in the ratio 5.6:3.2:1. Thus the sulfonic'acid corresponding to the sultone must have been 
primarily triple-labeled. The obvious explanation for this fact is that the sdfinate 
undergoes a dimerization reaction and subsequently transfers labeled oxygen between 
sulfur atoms as the sulfonic acid is formed (7). The sulfur that lost oxygen in the reaction 
of the dimer may end up, after subsequent oxidation, as part of the unlabeled sultine that 
was observed. 

The results not only prove that the sulfone is directly converted to the sulfinate, but also 
that the oxidation of the sulfinate to sulfonate follows accepted chemical mechanisms. A 
pathway involving Reaction E is therefore very unlikely to occur, since it would not 
produce triple-labeled sultone product. 

The results would be more straightforward if the sulfinate were analyzed by conversion to 
a derivative that preserves both labeled oxygens attached to sulfur. The methylsulfone 
derivative was prepared by treating the sulfinate with methyliodide, and analysis of this 
derivative will be used to confrm the findings from the sultine derivative. 
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THE USE OF THERiMOGRAVIMETRIC ANALYSIS T O  FOLLOW CHANGES 
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INTRODUCTION 
The study of the chemical reactions involved in coal liquefaction is aided by 

elucidation of the processes occurring in the very early stages (low conversions), before 
secondary reactions of the products become significant. To this end, as reported in previous 
papers',*, we have developed a reactor system capable of carrying out liquefaction reactions 
at accurately known reaction times from as short as a few seconds (low conversions) to as 
long as 60 min or more. The analytical methods to monitor these reactions must provide 
sensitive measures of the coal conversion and product yield information. We have found 
thermogravimetric analysis (TGA) useful since it provides sensitive, rapid and reproducible 
results concerning the various weight loss changes that can be connected to the physical and 
chemical changes occurring during coal liquefaction. 

Thermogravimetric analysis has other desirable features as well. First, only very 
small samples (about 30 mg) are required for each TG run. Second, by suitable adjustments 
in the work-up procedures and the TG running parameters, such as heating rate and 
atmosphere, thermogravimetric analyses yield important information concerning the reaction 
pathways. 

It is to illustrate the usefulness of thermogravimetric analysis of coal liquefaction 
products that this paper is presented. 

EXPERIMENTAL 
Apparatus. The design and operation of the SCTBR reactor system have been 

described in detail previously'. In brief, both the empty preheater and reactor are 
immersed in a Techne IFB-52 fluidized sand bath. They are brought up to the 
predetermined reaction temperature prior to the start of the reaction. High pressure 
nitrogen gas provides the driving force to deliver the reaction mixture of a coal-tetralin 
slurry from a small blow case into the empty reactor through the preheater tubing. 
Nitrogen gas is then bubbled through the reactor from the bottom to provide the agitation 
needed in the heterogeneous reaction system. The degree of agitation is controlled by the 
exit gas flow rate from the top of the reactor. The temperature of the reactant mixture (ca. 
30 g) approaches the desired reaction temperature to within 5-8 "C of preset temperature 
during the transport process (approximately 0.3 seconds). This temperature is maintained 
within k2 "Cduring the experiment. At a preselected reaction time, high pressure nitrogen 
gas is again used to drive the reactor contents from the reactor into a cold receiver through 
the precooler. Both receiver and precooler are immersed in a water bath. Cooling of the 
product mixture to about 25 "C is achieved within 0.3 seconds. 

Coal Liquefaction Runs. All reactions were run as mixtures of tetralin (T, the H- 
donor solvent) and coal (C) at ratio. of TIC = 8. About 4 grams of coal were used for each 
reactor run together with added tetralin to make up the reactant slurry. The reactor runs 
are summarized in Table 1. Hold up of material on the surfaces of the reactor, preheater, 
and precooler prevented complete recovery of the reaction products. However, the 
recoveries were high, and varied from about 80-90 wt%. The measure of conversion and 
subsequent analytical results were therefore based on representative aliquots. 

Thermogravimetric Analysis. The thermogravimetric analyzer (TGA) was a Model 
51 TGA (TA Instruments, New Castle, Delaware). A representative TG scan on the Illinois 
#6 coal from the ArgoMe Premium Coal Sample program is shown in Figure 1. The 
weight loss resulting from heating in nitrogen at 100 cm3(STP)/min with a heating rate of 
10"Clmin to 950°C and hold for 7 min at 950 "C defines the amount of volatile matter 
(VM). For this illustrative sample VM was 36.64 wt%. Further weight loss occurred at 
950°C after the introduction of oxygen. This was due to the oxidation of the remaining 
combustible material, the so called "fixed carbon (FC)", in the char, which amounted to 
48.42 wt% for the illustrative sample of Figure 1. The residue represents the ash content 
(14.94 wt%). Thus the two phases, Le., 1) the heating rate to 950"Cin nitrogen and hold 
for 7 min; and 2) the oxidation at 95OoC, provided measures of VM, FC, and Ash, 
respectively. The experimental error for determination of these TGA characteristic 
variables (VM, FC, and Ash) is less than *2% of the measured values. 

Themogravimetric analysis can also be run in a hydrogen atmosphere. This provides 
additional information regarding the structure of coal and liquefaction residue. However, 
it is required that nitrogen be introduced to replace hydrogen in the TGA system for about 
10 min before the introduction of oxygen. 
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RESULTS AND DISCUSSION 
Effect of Heating Rate and Atmosphere in TG Runs. The effect of heating rate on 

the DTG analysis of the Illinois #6 coal is illustrated in Figure 2. The two small peaks in 
the VM portion of the DTG curves gradually disappear as heating rate increases. This is 
due to the lower resolution of DTG profile at the higher heating rate. The DTG curves of 
the Illinois #6 coal in nitrogen and in hydrogen demonstrated in Figure 3 show the similar 
pyrolysis rate patterns. However, all three peak temperatures in the VM portion of TG 
pyrolysis in hydrogen are shifted to lower temperatures than those of TG pyrolysis in 
nitrogen. 

Figures 4(a), 4(b) and 4(c) show plots of VM for Illinois #6, Utah Blind Canyon 
bituminous coals and Wyodak Black Thunder subbituminous coal, respectively. They were 
determined by TG pyrolysis in nitrogen and in hydrogen at heating rates varying from 
10"C/min to 200"Clmin. The heating rate had a strong effect on the volatile matter in 
nitrogen and in hydrogen. The VM yields in nitrogen (VM,,) increased with increasing 
heating rate until it leveled off at about 50 "C/min. This can be tentatively attributed to 
an unstable component in the coal when the volatile product is only slowly removed from 
the coal in nitrogen which results in free radical retrograde reactions and low volatile yields. 
The VM yields in hydrogen (VM,,) are always higher than those in nitrogen. This is 
because the presence of hydrogen in the TG pyrolysis apparently stabilizes or quenches 
these radicals to give the higher VM yields. VM,, decreased with increasing heating rate. 
This may be due to the longer pyrolysis times at the low heating rates. The different 
behavior in VM determined by TGA shown by the various coals in nitrogen and in 
hydrogen (see Figure 4) may represent an indication of the potential relative instabilities 
of the various coals. While the Illinois and Utah bituminous coals showed similar behavior 
with heating rate in hydrogen or nitrogen atmosphere, the Wyodak subbituminous coal 
showed only a small effect of heating rate on VM in the presence of nitrogen and quite a 
strong and reverse effect in the presence of hydrogen. Further research is being directed 
toward a better understanding of these phenomena. 

Conversion Determination and Work-up Procedures for Coal liquefaction Runs. 
During coal liquefaction, the mineral matter of the coal primarily remains with the 
unconvcrted coal, and is essentially insoluble in the tetralin. The coal liquids, however, are 
largely extracted into the tetralin solvent, although some remain with the coal residue. This 
provides a means of measuring the conversion of the coal by determining the ash content 
of the residue when it has been washed free of the coal liquids. All the tetralin and 
tetralin-derived products must also be removed or an error in the conversion calculation will 
result. The conversion can be calculated using Eq. 1: 

Conversion = (1 - - & ) x l o o  ( w t % )  (1) 
X 

where X, and X are the ash contents of the control sample and the coal liquefaction 
residue, respectively. The control sample is the original coal which is processed exactly as 
a liquefaction residue except running at room temperature. 

After a liquefaction run, the product mixture is filtered and the residue washed with 
tetralin thoroughly and dried in a vacuum oven at about 105"Cfor 48 hours. A DTG curve 
for one of these samples is shown in Figure 5 .  Comparison of this curve with that of 
uiueacted coal shows that there is an incomplete peak on the low temperature side of the 
principal VM peak in the coal residue. That this is due to the presence of residual tetralin 
is shown by a control sample treated by processing a tetralin-coal slurry through the reactor 
at room temperature. To measure the coal conversion accurately, the tetralin and the 
tetralin-derived materials as well as the coal liquefaction liquid products must be removed 
from the residue. The most satisfactory solvent we have found for this purpose is methylene 
chloride (see Figure 5). The tetralin peak disappears after methylene chloride washing. 
For this reason, we have adopted the work-up procedure including the methylene chloride 
treatment. 

The conversion of Illinois #6 in tetralin vs. time at 390°C under 1000 psig nitrogen 
gas determined by Eq. 1 is illustrated in Figure 6. Within 30-60 seconds, the coal 
conversion has reached about 18 wt%. This rapid liquefaction may be resulted from the 
extraction of a soluble portion of coal into the tetralin. From the contact time of 1 min to 
30 min, the coal conversion only increase about 19 wt% (reaching 37 wt%), probably due 
to the coal matrix itself being attacked. Finally, the coal conversion reached 47 wt% at 60 
min. 

Change of DTG Profiles with Conversion during Coal Liquefaction in Tetralin. 
Figure 7 shows DTG vs temperature curves for the residues of the Illinois #6 coal after 
liquefaction in tetralin at 390 "C under loo0 psig nitrogen at selected times. The two small 
peaks in the VM portion gradually disappear. Such chemical changes have been supported 
by previously observed changes in the total oxygen content and hydroxyl  ont tent^.^ of the 
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\ coal during the early stages in coal liquefaction. 
Change of Volatile Matter in N, and in H, with Conversion during Coal Liquefaction 

in Tetralin. Interesting insights into the coal structure and the coal liquefaction process can 
be obtained by running thermogravimetric analyses in nitrogen and in hydrogen at various 

even at low conversion, greatly change$ the TG behavior of the partially reacted coal 
residue. Figure 8 shows an example of the VM determined by TG pyrolysis in nitrogen and 

reacted in tetralin under 1000 psig nitrogen gas at 390°C for 30 seconds. The VM,, no 
longer shows the strong sensitivity to heating rate. Furthermore, it decreased with 
increasing heating rates. This suggests that the unstable component of the coal may have 
been Stabilized in the very early stage of the liquefaction process. 

, heating rates on the samples taken at various reaction times. The coal liquefaction process, 

in hydrogen at various heating rates for the liquefaction residue of the Illinois #6 coal 

! 
1 

SUMMARY AND CONCLUSIONS 
Thermogravimetric analysis provides various weight changes in coal residua arising 

from coal liquefaction and these reveal significant information concerning the underlying 
chemical and physical processes. 

A workup protocol including the methylene chloride washing to eliminate the error 
due to the presence of tetralin andlor coal liquids has been devised which is being used 
along with TGA to determine liquefaction conversion. 

Interesting differences have been observed in the three Argonne Premium Coal 
Samples (Illinois #6 bituminous coal, Utah Blind Canyon bituminous coal, and Wyodak 
Black Thunder subbituminous coal) studied by running TGA at different heating rates and 
in nitrogen or hydrogen atmosphere. These experiments suggest the presence of an unstable 
component in the coal or coal-derived liquid which is rapidly removed or stabilized by very 
short contact time under liquefaction conditions. 
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Table I Illinois #6 Coal Liquefaction Runs 

Sample Contactlime TIC Temperature Recovery 
min W) "C W R  

DOE001 
DOE012 
DOE015 
DOE016 
DOE017 
DOEOZl 
DOE013 
DOE009 
DOE010 

15.00 8 
0.17 8 
0.50 8 
0.75 8 
1 .00 8 
5.00 8 

10.00 8 
30.00 8 
60.00 8 

I5 
390 
384 
385 
386 
387 
390 
390 
390 

78% 
86 W 
92 % 
89% 
88 W 
87 96 
82% 
85 % 
81 % 
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Sample: Illinola 16 File: C: ILLIN2.016 
Size: 44.7000 mg T G A operator: Keyu mano 
Method: DOE coal ~iquetection Run Date: 19-Hay-94 16: 59 
Comment: 10 *C/min to 950 .C. N2. 100 ml/min (at tar  dryfng) 

Figure 1 .  A TG scan on the Illinois #6 coal 
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Figure 2. Effect of heating rate on DTG of the Illinois #6 coal pyrolysis in N, 
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Figure 3 .  Effect of gas atmosphere on DTG of the Illinois #6 coal pyrolysis at heating rate 
of 20 " C h i n  
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Figure 5.  Disappearance of the incomplete peak on the low temperature side of the 
principal VM peak due to the presence of residual tertalin in the control sample and the 
reacted solid residue by methylene chloride washing 
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Figure 7. DTG profiles for residues of the Illinois #6 coal after liquefaction in tetralin at 
the selected contact times (TG scan at 10 " C h i n  in N,; liquefaction run at 390 "Cunder 
1000 psig N, with T:C = 8.1) 
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Figure 8. Effect of heating rate on VM yields of Illinois #6 coal liquefaction residue 
determined by TG pyrolysis in N, and in H, 
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Introduction 

The release of nitrogen and sulphur oxide:. during coal combustion IS a major environmental 
problem. NO, and SO, ;ire contributor, to ; t L i d  r . i i i i  uhcrc.is N 2 0  is ;I greenhouse' ga' In coal 
cornhustion the iollowiiip stage\ oici ir  I J up id  dcvol;ttil iutioii iollowed by 2 )  igiiition of volatilcs 
and 3 j  the slouer ch;ir giiiificiitioii I I I 'l'ne iiitropcn .iiid d p h u r  \pecici :ire partitioncd into the 
volatiles and the cliar. The i i i i i i i i i i i 7 . i t i o i i  ut the cii\ i roi i i i icnul imp;ict o f  coal combustion by 
improved burner tcchiiulogy ;iiid lluc $:I\ dc,uliiliiiiir:itioii i\ currently underway In the case of 
NO, emis\iunc. the rrtrui i i t i i ig o t  'IOU SO,' miii ici, iii pouer st;ition\ has been undertaken. I n  
these conibu>tioii \y\teiii\,  thc cIi:ir iiitrupeii I, tlic i1i:ijor cuiitributor to NO, eiiiicsions 121. The 
voliitile, are releaxxl iii a zoiie wliers the mygcii ~'oii~'ciitr;itl l i i i i, IOU' :ind the formation o f  niolcculllr 
nitrogen i s  iavoured 'l'hrrciore the rcIc;i\c o i  'iiirogeii :uid ~i i lph i i r  oxidcs during co;d coinbustion 
h:i\ major implicatiom for the riivirniiiiieiit 

The rele;i\e of nitrogen oxide\ 15 cniitrolled to ,111 cxteiit by the combustion conditions but therc are 
also \,triation\ due to cu;il propcriic\ 13.51 111 low SO, huriier\ ; id t l i i id iml  bed combustion. fuel 
nitrogen IS thc major cuiitributor tu NO, t o i i i i :  tiuii 'l'hereiore ;iii tinder:.t;inding of the nitrogen in 
cod  ;tnd i t (  relesw duriiig coiiibu\tiuii I:. ;I 1 iiiip<rt:1iit coiisidcr;ition. Coals are a complex 
hctsrogeneous iiuterial H it11 ;I c r w z - l i i i k d  i i i ~ i ~ ~ i ~ i i i i ~ ) l ~ c ~ i l ~ i r  \tructurc. Thi\ gives rire to problems 
when characterising the coiil Cor coiiihu\tioii purpo,e\. 'I'lii. structural heterogeneity can he 
de\<ribed 31 :I variety o f  IcvcIs. At thc iii;iau\copic IevcI co:iI\ i i iay h a i e  ii hmdcd ztmcture. At the 
niicrmcoplc l eve l  the htructiire i i iay  he dex r ih rd  #I\ iiiicro:.copic coiiiponentc. macerills or 
awciat ions o f  ni:icer:iI\ which :ire temied iiii:iulithutype\. M:iccriil\ can be separuted and have 
di\:inct physical Jnd chcinical propertie\. ior e\:tiiiplz. vol : i le  iii:itter. iiitrogsn content, resctivity 
erc When considering co:il the hcteropciicity i i i i i i t  tx coii\idered siiice the s m i i l l  p ~ t i c l e s  uzzd in 
ptilveri:.cd fuel (pf) comhu\tion, depending o i i  thc ~xxil, tiiiiy be reg:trded its pure miiczritls or 
asswiations of iihiceT;iI\ 16-91 When c o i i d c i i i i g  t h c  iiitr<)gcii iii coid :ti  the iiiolcculsr level the 
nitrogen functioiiality i i i u c t  he <oii+leictl 'flit iiitiupcii 11i;iy he dc,cribed ;I\ pyrrolic, pyridintc or 
cluLterniiry iiitrogeii 

The objective o f  thi, paper was tu \rud) the rclc:i,e ut co.11 iiitrupcn :I\ NO, duriiig teinper:iture 
progrsmlned cuiiibustiuii uf co.il\ :iiid iii:iccr:iI\. with  the cii ipli bciiig o n  the identification of 
rc;i,.tive inteniiediste \PCLI~ \  ;iiid ;I ctlinp;iri\oii d tliz dii ierci i~~c\ k t u e c i i  iii:iicctls 



Experimental 
Materials used 

The characterisation data for the coals and maceral concentrates used in this study are given in Table 
1. Maceral concentrates were obtained by the density gradient centrifugation (DGC) technique 110- 
121. 

Temperature Programmed Combustion 

The temperature programmed combustion studies were carried out using a Thermal Sciences 
thermogravimetric analysis - mass spectrometer system (TG-MS). This system consisted of a 
thermogravimetric analysis (TGA) instrument coupled with a VG Quadrupoles 300 amu mass 
spectrometer. Gas sampling was carried out at two positions: I) approximately 1 crn directly above 
the sample and 2) at the exit o f  the therrnogravirnerric analyser. The former sampling point allows 
reactive intermediate species to be detected while the latter essentially samples the gases at 
equilibrium. The evolved gas profiles were me;~sured :it hoth snmpling positions. Approxiniately 5 
rng o f  the coal was used i n  each run. The s;imple w’as heated i i t  1.5 K iiiiii~’ in 20% oxygenhelium 
and the evolved gas profiles recorded.. The following mass/ch:irge (ni/z) ratios were monitored 
throughout the course of the reaction: 2, 11-65. 

Temperature Progrnmmed Pyrolysis 

The temperature progr;niinied pyrolysis was carried 0111 in  argon at ;I f low rate o f  50  cc niin-1 at a 
heating rate of 15 K iiiiii-l in :I simil:ir iii:inner IO the combustion experiments. In this case gas 
sampling was carried out at the esit of the t1ieniiogr;Ivimetric analyher. 

Results 

A comparison o f  the temperature programmed combustion required evolved gas profiles for I l l inois 
No. 6, i n  20% osygen/helium with sampling directly above the sample and at the exit o f  the 
thermogravimetric annlyser. These :ire shown in Figures l(a) and 1 (b) respectively. I t  is apparent 
that whilst there are similarities be twen  the twu sets o f  evolved gas profiles there are also marked 
differences. The profiles have ;I comples series o f  eniissions. The integrated gas concentration 
ratios for some o f  the species evolved during the temper;tture programmed conibustion o f  the Illinois 
No. 6 coal are given i n  Table 2. The CO and CO, profiles show ;I shoulder on the low temperature 
side. This corresponds to the evolution o f  s m a l l  Iiytlroc;irbons and tars. I n  addition, the CO/CO, 
ratios for gas sampling directly above the s;imple and :it [lie exit o f  the thermogravimetric analyser 
were 0.535 and 0.096 respectively. This clearly indic;~tes that CO is being formed and released into 
the gas phase where i t  is converted to CO, by homo:eneous gas phase reactions. Another noticeable 
difference i n  intensities is the increase in  ni/z 30 co~icentri~tion and decrease in m/z 27 concentration 
when comparing s;impling directly above the s;lmple and at the exit o f  the TGA. This can he 
explained by the conversion of  HCN released i n  the gas combustion process atid convened to NO by 
gas phase oxidation reactions. The fraction of coal nitrogen converted to NO is 0.362 when 
measured by sampling directly above the sample mid this increases to 0.961 when the gas sampling 
is carried out at the exit of the TGA. Not all of the ndz 27 and m/z 3 0  are HCN nnd NO respectively. 
Undoubtedly there are s i i i i i l l  contributions from hydroc:irhons. and/or fragmentation i n  the mass 
spectrometer which nuke ii contribution for solile ni/z ratios. When gas sampling is carried out 
directly above the s:iniple, ii  high CO concent r~~ l io~ l  is observed. Since NO is in relatively l o w  
concentration, there may be :I signific:~ni contribution to the NO peak from 1 T ’ ~ O .  This 



contribution can be corrected for by subtracting O.O02*CO peak. The peak which occurs at the 
. lowest temperature -300°C is consistent with the release o f  hydrocarbons. This precedes the release 

Of tars when the coal starts to pyrolyse. Figure l(a) shows that intermediate species such as COS 
and HCN are released during the temperature programmed combustion. Evolved gas profiles have 
been monitored for all m/z values i n  the range 14-65. I t  is apparent that when gas sampling is carried 
out directly above the sample many o f  the masses have weak profiles. I t  is diff icult to assign the 
peaks unequivocally to various species due to the complex nature o f  the mixture o f  gases evolved 
and fragmentation effects in the ma pectrometer. However, i t  is apparent that in some coals, a 
peak was observed for m/z 52 at the beginning o f  the char gasification region whereas no 
corresponding peaks were observed at ni/z 51 and 53. This peak was observed at the same 
temperatures as peaks at nl/z 26 and 27 corresponding to H C N  and its fragments. Therefore i t  i s  
reasonable to assign the peak at m/z 52 to (CN),. The evolved gas profiles for m/z 41, 42 and 43 
were all bimodal. The lowest temperature peak for m/z 43 occurs at a position coincident with m/z 
values which can be ;issigned to the evolution of sni;ill hydrocarbon species. The higher temperature 
peak for m/z 43 which occurs :it ;I similar ten1per:iitire to m/z 52 and 27 is possibly due , in  part, to 
HOCN. The evolved gas profiles ;it 41,42. 43. 5 2 .  60 etc ;ire either not observed or are very weak 
when gas sampling is carried out ;it the exit of thermogravinietric anelyser thereby confirming that 
reactive intermediate species can be detected by gas snnipling close to the sample during temperature 
programmed combustion. A suite of coals with ;I range o f  rank have been studied i n  detail, i n  
addition, to the co;il described above. 'l'hese include Blind Canyon and Pocohontas from the 
Argonne Premium Coal Sample Bank and Il l inois No. 6 from SBN. These reveal significant 
differences i n  the release of species s d i  ;IS COS. (CN), etc. during temperature programmed 
combustion. 

The corresponding temperature progrommcd pyrolysis profiles are shown in Figure I(c). I n  this 
case the gas sampling was carried out ;it the exit of the TGA. The results show that a range o f  small 
gaseous molecules CO,, CO, NO, N,, HCN, SO, and CH, are evolved over a range of 
temperatures. A t  the lowest temperatures low nio1:lr niiiss hydrocarbons were detected. Tars were 
condensed out and not detected. I t  is apparent that the teniperattlre programmed pyrolysis technique 
is capable o f  distinguishing the release of gaseous species. Some of the peaks, for  example, m/z 27 
(HCN) occurs at the s;me temperature for both the pyrolysls and combustion. 

The temperature progrenimed conibustion evolved gas profiles for the entrained flow reactor chars 
prepared frem Ill inois No. 6 itre shown in Figure 2. The results show similarities to the temperature 
programmed combustion o f  the r:iw coal. Tht. CO concentration measured by sqnipling directly 
above the sample is high but this is reduced when evolved gas sitnipling is carried out at the exit. 
The CO/CO, ratio decreases from 0.355 measured directly above the sample to 0.076 niensured at 
the exit o f  the TGA. I t  is apprtrent that the primnry product CO is again converted to COP by gas 
phase homogeneous reactions a s  i n  the coal studies. I n  addition the ni/z 27 peak (mainly HCN) 
virtually disappears and the m/z 30  (NO) ilicreiises slightly when gas sampling i s  carried out at the 
exit. The fraction of  ch:ir nitrogen converted to NO measured directly above the sample was 0.225 
and this increased to 0.399 when me:isiired at the r s i t  of the TGA. This i s  similar to the results for 
the corresponding corils but the effect is tiilicli snialler. This i s  consistent with the HCN released 
being converted to NO in the gas phase. Reactive species released durihg temperiiture programmed 
coal combustion. for exnniple, COS, ;ire not ohserved when gas smipling i s  c;irried o ~ ~ t  :II the exit of  
the TGA. 

I 
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The temperature programmed combustion evolved gas profiles for vitrinite (density 1.2 - 1.27 g 
cm-3) and fusinite (density I .5 - 1 .6O g cm') with gas sampling directly above the sample and at the 
exit of the TGA are given in  Figure 3. As expected the vitrinite profiles are very similar to those 
obtained for raw coals with a pronounced shoulder on the low temperature side of the evolved gas 
profile. The corresponding CO and CO, profiles for the fusinite are niore complex consisting of 
several peaks and reach ;I maximum at a higher temperature than the vitrinite fraction as expected 
from the lower reactivity of the inertinite fraction. This is observed when gas sampling is canied out 
at both directly above the simple and at the exit of the TGA. The observation that the CO and CO, 
evolved gas profiles of the fusinite are more complex than the profiles of the vitrinite fraction may be 
due to a number of factors. The samples were prepared by the DGC and it may be that different 
types of inertinite fraction are being resolved in the temperature programmed combustion. Also, 
higher concentrations of mineral mntter were observed in the fusinite fraction and this may give rise 
to catalytic gnsificiition effects. The NO evolved gas profile for the fusinite showed a peak at -3OO'C 
followed by profile in the char gasificarion region which could be resolved into three peaks with 
similar temperatures to the CO and CO, profiles. The ni/z 27 (ni:iinly HCN) evolved gas profiles for 
gas sampling directly above the sample for the vitrinite and fusinite are both bimodal but these peaks 
virtually disappear when sampling is carried out iit the exit of the TGA. I t  is surprising that the m/z 
27 peaks occur at a higher temper:ctiire i n  the vitrinite concentrate than the fusinite. This may indicate 
structural differences. The ni/z 14 peak is also biniod;il when gas sampling is cnnied out directly 
above the snmple. The high teniperciture peak in  the profile is ;ilso observed when gas simpling is 
carried out at the exit of the TGA. This suggests th:it this peak is due to nitrogen. 

The integrated gas concentration ratios for some of the specxs evolved i n  the temperature 
programmed combustion of the niaceriils :ire givrii i n  Table 2. A cornparison of gas concentration 
ratios obtained when sompling directly above the s:imple :ind iit the exit of the TGA shows similar 
trends to those observed for the raw coals. I t  is evident from the CO/CO, ratio that substmtid 
amounts of CO formed in the combustion ;ire converted i n  the gas phase to CO,. Similarly a 
comparison of the two scinipling positions indicates that the NO/N rxio is higher while the (m/z 
27)m i.e. mainly HCN/N, was v i r t d l y  absent when g mipling is carried out at the exit of the 
TGA. This is most probably due to the conversion of HCN and other nitrogen containing species to 
NO in the gas phase mid is siniilx to the results oht;iined for the coals. 

Discussion 

Temperature programmed combustion is ;I useful technique for studying the release of nitrogen and 
sulphur species during the combustion of co;iIs wid chars. The evolved gas profiles have the 
following general characteristics 17, 8, 13-161. 

1. For coals, there is a shoulder on the low temperature side of the CO and CO, evolved 
gas profiles for the coals. This shoulder corresponds to the release of low molecular 
mass species and t:irs and i t  is :ibsent i n  the corresponding evolved gas profiles of the 
chars. 

The release of NO and HCN during temperntiire programmed combustion is complex 
with several peaks. For low rank cads the NO peak is ohserved for the release of volatiles 
and the gasification of the char. The Ixter is sometimes asymmetric consisting of a 
number of peaks. 

2. 
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3.  The NO profiles for the chars are delayed relative to the CO and C 0 2  profile. The NO 
profiles always reach a maximum at a higher temperature than the corresponding C02 
profiles. As :I result the NO/CO, and NO/CO profiles usually increase with increasing 
burn-off. The NO/CO and NO/C02 rdtios tend to decrease in the region where volatiles 
are released froni the coals. 

I n  this study, two gas simpling positions have been used: 1) -1 cm above the sample and 2) at the 
exit of the therniogrnvimetric analyser. The results of this study show that reactive intermediate 
species can be detected by sampling close to the sample undergoing combustion. Some of the 
reactive species which have been identified are COS, (CN),, HCN and CO as well as hydrocarbon 
species. These species are either not detected or are observed in  very much lower concentrations for 
sampling at the exit of the TGA. These studies have shown that under temperature programmed 
conditions there are ii number of well defined singes which can be assigned to the release of low 
molecular mass gases, tars and combustion products and char gasification. Therefore the 
thermogrnvinietric analyser - mass spectrometer ;illows the extent of gas phase reactions to be 
assessed. I n  comparison. pyroly nidies can also be carried out under temperature programmed 
conditions. 

Previous temperature progmmnied combustion studies 16-9, 13-161 of a suite of coals and chars 
covering a wide rnnge of rank have shown that the fraction of cocil/char nitrogen convened to NO 
decreases with increasing reactivity. These studies were ciirried out with the gas sampling directly 
above the sample. In  the case of the co;iIs, substclnti:il :mounts of HCN were detected and if this 
were assumed to be converted to NO thih would ii iotl ify the trend for conversion of the coal nitrogen 
to NO for gas sampling ;it  t h a t  position. 111 thehe studies the suite of coils studied covered a range of 
reactivities. Therefore the nitrogeii species :ire released over the different temperature ranges. The 
release of the NO miy vary with teniperature and this m;cp be B hctor which influences the observed 
trend. Isothermal reactivity studies have also shown that ;I similar correlation exists [ 161 between 
char reactivity and the fraction of char nitrogen converted to NO. Hence i t  is apparent from the 
trends that gas sampling of the temperature progr;lmmed combustion of the coals allows reactive 
nitrogen species to be detected and that the NO release is similar to that for the char. The results of a 
more detailed investigation show thiit ii range of reiictive species ciin be detected. 

Conclusions 

The use of temperature programmed combustion for studying the release of reactive intermediate 
species froni coal has been investigated. I t  is apparent that ;I comparison of gas sampling camed out 
directly above the sample nnd at the exit of the TGA shows that reactive species can be detected. 
Species detected include CO, COS, HCN. (CN),. The conversion of the nitrogen intermediate 
species to NO has been followed by the technique. I t  is apparent that temperature programmed 
combustion is a useful technique for following the r e l em of nitrogen and sulphur during coal and 
char combustion. 
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Characterisation data fo r  the coa 1. char. and mace r a l  concent r a t e b  

Coal/ Maceral  I l l i no i s  No6 I l l i no i s  No6 Coal  A Coal A 
. (APCS) Coal (APCS) C h a r  V i t r i n i t e  F u s i n i t e  

Proximate Analysis 
Volatile Matter (daf)/ % 47.39 4.43 41.97 35.76 
Ash (dry)/ % 15.48 29.84 1.21 31.26 

Elemental  Analysis 
C (daf)/ % 77.67 99.63 82.57 79.01 
H (daf)/ % 5.00 0.67 5.28 4.25 
N (daf)/ % 1.37 1.82 1.72 0.83 
0 (daf)/ % 13.51 12.16 15.68 

Random Relectancel % 0.43 0.43 0.65 0.65 

Maceral  Analysis 
Vitrinite/ % 85.00 
Liptinire/ % 5.00 
Inertinitel % 10.00 
Minerals/ % 18.10 

W Temoerature D roerammed combust ion  evolved pas -ation 

Sample c o /  COZ NO/ N H C N /  N 

I l l ino is  No6 (APCS) Coa l  
-Above the Sample 
-At the Exit 

-Above the Sample 
-At the Exit 

-Above the Sample 
-At the Exit 

-Above the S;mmple 
-At the Exit 

I l l ino is  No6 (APCS) C h a r  

Coal A V i t r i n i t e  Concentrate 

Coal A Fusini te Concentrate 

0.535 
0.096 

0.355 
0.076 

0.606 
0.067 

0.314 
0.082 

0.362 
0.96 1 

0.225 
0.399 

0.356 
0.546 

0.797 
0.893 

0.209 
0.036 

0.096 
0.016 

0.167 
0.025 

0.325 
0.053 
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THE CHEMISTRY OF SULFUR DURING HYDROPYROLYSIS OF COALS 
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Sulfur K-edge X-Ray Absorption Near Edge Structure Spectroscopy (XANES) and sulfur 
2p X-Ray Photoelectron Spectroscopy have been used to identify organically bound 
sulfur forms in coals (I-3), and to follow the chemistry of organic sulfur during various 
treatments including mild oxidation (4), pyrolysis (5-7) and chemical reductions (8). This 
paper focuses on the changes which take place with organically bound sulfur 
functionalities in coals of various ranks when they are subjected to hydropyrolysis 
conditions. Data from both X-Ray techniques and temperature programmed 
decomposition-mass spectrometry were used in tandem. 

Experimental Section 

Most coal samples used in this study were obtained from the Argonne Premium Coal 
Program (9). The sample of Rasa coal was obtained from Dr. C. M. White of PETC. The 
procedures for obtaining and interpreting XPS and XANES spectra of coals have been 
reported and discussed previously (1, 2). XPS spectra were obtained on a Vacuum 
Generators (VG) ESCA lab system using Mg K, non-monochromatic radiation using a 
five channel detection system. XANES spectra were recorded at the National 
Synchrotron Light Source at Brookhaven National Laboratory on beam line X-1OC. 
Fluorescence spectra were recorded using a Stern-Heald-Lytle detector. Hydropyrolysis 
char thermal reactivity data were obtained using a temperature programmed 
decomposition (TPD) apparatus, the design and use of which are described elsewhere 
(5, 6). Samples were heated under ultrahigh vacuum from room temperature to 750 "C at 
a rate of 0.5 "Cls, while the off gases were monitored by a mass spectrometer. 
Hydropyrolysis experiments were carried out in a closed reactor pressurized at room 
temperature to 70 atm with a 95% hydrogen - 5% helium gas mixture. Pyrolysis was 
done in helium, at 1 atm in a quartz lined reactor (5). For pyrolysis experiments, the 
samples were heated at a linear heating rate of 0.5 "Cls to 400 OC followed by holding at 
that temperature for 5 minutes. The reactor temperature program for hydropyrolysis was 
similar except that the maximum temperature was 427 "C and the samples were held for 
30 minutes under isothermal conditions. Samples were analyzed afler the linear heatup 
and isothermal stages. These kinetic conditions favored the retention of coal liquid 
products in the pyrolysis and hydropyrolysis residues. 

Results and Discussion 

A The coals were subjected to hydropyrolysis conditions and the hydropyrolysis residues 
were collected and examined by elemental analysis to determine sulfur loss, by XPS and 
XANES to determine the forms of bound sulfur remaining, and by TPD to determine the 
thermal reactivity of the residues. Table 1 shows the sulfur to carbon atomic ratios for 
samples of starting Rasa and Illinois No. 6 coals, as well as those for the residues from 
heating to 400 OC under helium pyrolysis and hydropyrolysis after heating to 427 "C as 
determined from bulk elemental analysis and from XPS by integration of the areas for 
sulfur and carbon (1). The bulk and XPS elemental analyses are in good agreement for 
Rasa coal, which contains virtually no pyrite, and are not in agreement for Illinois No. 6. 
The discrepancy between the bulk elemental and XPS data for Illinois No. 6 coal is due 
to the fact that the surface concentration of pyrite and its oxidation products are different 
on this coal's surface relative to that in the bulk(l0). However, both analyses indicate 
that more sulfur was lost during hydropyrolysis than pyrolysis under nitrogen. The bulk 
elemental analyses indicate that about 22% of the sulfur was lost from Rasa and 32% 
from Illinois No. 6 under these hydropyrolysis conditions. XPS sulfur 2p spectra of the 
427 O C  hydropyrolysis residues from Rasa and Illinois No. 6 coal are shown in Figure 1. 
Included in the figure are the actual spectra and the curve resolved aromatic and 

I 

; 

I aliphatic sulfur components. The results of the curve resolution analysis (1, 2) of these 
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spectra are shown in Table 2. The table shows the XPS results for aliphatic sulfur for the 
initial coals, hydropyrolysis residues obtained at 200, 350 and 427 "C, and previously 
obtained data (5) on helium pyrolysis chars. The results indicate that the hydropyrolysis 
chars contain the same ratio of aliphatic to aromatic sulfur as the starting coals, and 
considerably more than that contained in the pyrolysis residues. XANES data on the 
same samples confirm these findings In addition, the feature attributed to pyrite in the 
fresh Illinois No. 6 coal and its 200 "C hydropyrolysis residue largely disappears in the 
350 O C  residues and is replaced by a feature attributed to pyrrhotite. 

The effect of temperature on the reactivity of bound sulfur on the hydropyrolysis residues 
was examined by TPD. Traces of the relative intensities of the We = 34 mass spectra of 
the initial Rasa and Illinois No. 6 coals and their hydropyrolysis residues' prepared at 
200, 350 and 427 O C  are plotted as a function of temperature in Figure 2. These were 
normalized so that the data for a given coal appear on the same relative intensity scale. 
Up to 350 O C ,  Rasa coal continues to evolve H2S, but at 427 ' C  the amount released is 
considerably diminished. The TPD traces for.fresh Illinois No. 6 mal and its 200 "C 
hydropyrolysis residue show evolution of H2S from both aliphatic sulfur and pyrite, but 
the total amount of H2S released from the 350 "C residue is diminished, and that from 
pyrite is virtually gone. There is even less H2S evolution from the 427 "C hydropyrolysis 
residue. 

Taken together the data present an apparent discrepancy. It is known that on pyrolysis 
in an inert environment at 400 "C, aliphatic sulfur is lost from the coal as H2S (5, 6). 
Aromatic sulfur does not evolve at these temperatures (1 1). Somewhat more sulfur is lost 
during hydropyrolysis than pyrolysis, but the differences are not great. TPD data indicate 
that most of the reactive sulfur in the hydropyrolysis residues had evolved at 427 "C. 
Nevertheless, XPS and XANES analyses indicate that the hydropyrolysis residues 
contain about as much aliphatic sulfur as the starting coals; the ratio of aliphatic to 
aromatic sulfur is about the same, even though significant amounts of H2S evolved 
during the hydropyrolysis. 

To account for these observations, we postulate that molecules containing aromatic 
sulfur forms are partially hydrogenated under hydropyrolysis conditions as follows: 

To the XPS and XANES probes, the sulfur in the hydrogenated molecules appear as 
aliphatic sulfurs. However, during heating, carbon sulfur bonds are not cleaved; rather 
the molecules lose hydrogen to regain their aromaticity. 

Conclusions 

Unlike pyrolysis under inert gas, pyrite in coals is converted to pyrrhotite during 
hydropyrolysis, and significant quantities of aliphatic sulfur are detected in the residues. 
It is believed that these aliphatic sulfur forms result from partial hydrogenation of 
aromatic sulfur species. While these sulfur species appear to be aliphatic to the X-ray 
probes, they are not, and do not behave thermally as aliphatic species. 
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TABLE 1 

SULFURICARBON 
ATOM RATIO ( ~ 1 0 0 )  

X p S  
RASA 

INITIAL 6.20 6.10 

INITIAL 

PYROLYSIS 4.70 5.30 

H Y DROP Y RO LY S I S 4.82 

ILLINOIS # 6  

INITIAL 1.25 2.32 

PYROLYSIS 0.98 2.25 

HYDRO P Y RO LYS I S 0.96 1.58 

4.5 1 

TABLE 2 

XPS MOLE PERCENT 
SULFlDlC SULFUR 

BASA !LLINOIS # 6  

26 2 9  

HYDROPYROLYSIS (200  "C)  25 30 

HYDROPYROLYSIS (350 "C)  26 - -  
HYDROPYROLYSIS (427 "C)  25 2 6  

PYROLYSIS (400 "C) 8 13 
I 
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I 

ABSTRACT 
Removal and recovery of nitrogen and sulfur compounds from coal tar fractions such as crude 

naphthalene and methylnaphthalene oils are examined using IO wt% AlZ(SO4)3/SiOZ as a solid acid 
under atmospheric or supercritical C02 (50“C, 80 a m )  conditions. Repeated use of the solid acid is 
achieved by purging adsorbed nitrogen compounds with higher pressure (150 atm) COZ and 
methanol as an entrainer solvent, recovering effectively quinoline bases as well as purifying 
methylnaphthalenes. 

Benzothiophene (BT) is dimerized over A12(S04)3/Si02 catalyst under supercritical C02  
conditions in order to separate BT from crude naphthalene as well as to purify naphthalene. BT 
was more selectively dimerized under supercritical COz conditions(lGO“C, 100 a m )  than in 
atmospheric n-octane solution at 100°C. allowing its selective dimerization and adsorption on the 
solid acid with selective extraction of naphthalene. 

Effects of supercritical COz conditions on the above adsorptions and reactions are discussed 
based on the analysis of recovered fractions and products. 

INTRODUCTION 

260°C) of coal tar after the recovery of crude naphthalene.” CMNO is further extracted with 
sulfuric acid and then neutralized with alkali to recover basic quinoline oil.2,’’ However, because of 
the consumption of both acid and base as well as sludge formation, such a purification procedure 
appears no more feasible in the modem indu~try.~’ 

then hexane concentrates the pyrroles and phenols in the hexane insoluble-methanol soluble 
fraction (HI-MS).” Major basic nitrogen species staying in the methanol insoluble fraction(M1) are 
captured and recovered by adsorption and desorption, using nickel sulfate.648’ The sulfate is 
known acidic and neutral, respectively, when it is dehydrated or rehyd~ated.~’ High dispersion and 
proper heat-treatment of the sulfate increase the number and strength of acidic sites by supporting 
on silica gel for larger capacity against the adsorption of basic nitrogen compounds.’~*’ 

The present authors succeeded in removing nitrogen compounds from CMNO and recovering 
them in concentrated form using alminium sulfate on silica gel as the adsorbent.’” The supporting 
on silica gel disperses the sulfate on the surface, increasing the acidic strength and number of 
acidic sites. Hence, the surface which can get access to quinoline bases is essential as the support, 
larger pores being preferable. It was also reported that non-polar and poor solvents such as hexane 
and pentane appear to behave as an anti-solvent to expel the polar as well as basic compounds 
in methylnaphthalenes onto the adsorbent. Poorer solvents such as supercritical propane and 

In the present study. the removal and recovery Of nitrogen compoumds in cNde methyl- 
naphthalene oil (CMNO) obtained from coal tar were investigated using A12(S04)3, more acidic 
than NiSO4, supported on silica gel to obtain highly denitrogenated CMNO as well as to recover 

Crude methylnaphthalene oil(CMN0) is prepared as a residue of naphthalene oil (b.p. 210- 

The present authors have reported that a consecutive solvent extraction with first methanol and 

f l  

1 carbon dioxide appear attractive. 
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basic quinoline bases under atmospheric or supercritical COZ conditions. 

compounds, however these heterocyclic compounds such as indole and benzothiophene could be 
used as valuable chemicals and medicines if they could be recovered. In the present study, recovery 
of benzothiophene(BT) was also examined using the A12(S04)3 catalyst by designing the selective 
dimerization of BT with extraction of purified naphthalene followed by BT de-dimerization under 
the supercritical C02 conditions. 

Crude naphthalene is commercially purified by hydrotreatments to remove nitrogen and sulfur 

EXPERIMENTAL 
Aluminium sulfate(l0 wt%) was supported by impregnation from aqueous solution on silica 

gel of MB-4B provided by Fuji-Davison Chemical Ltd. The surface area and mean pore diameter of 
the silica gel were 500 m'/g and 64 A ,  respectively. The adsorbent was calcined at 350°C for 4 h 
in air. 

Model methylnaphthalene oil ( quino1ine:Q Xwt%, isoquino1ine:lQ 8wt%, 1- and 2-methyl- 
naphthalenes: 1- and 2-MN 42wt% each) was prepared for the supercritical extraction experiments. 
Figure 1 shows the supercritical C02  extraction apparatus used in the present study. The model feed 
was charged to extraction vessel, and supercritical C02 (50"C, 80 a m )  was flowed at 6 I/min to 
cany the feed to the fixed bed column filled with the AIZ(S04)3 adsorbent. After the adsorbent was 
saturated with nitrogen compounds, higher pressure C02 and then methanol was flowed to recover 
the adsorbed species and to regenerate the adsorbent for its repeated use. The eluted and recovered 
fractions were analyzed and quantified by GC-FID (50 m capillary OV- 101 column, 110°C). 

Benzothiophene(BT) in crude naphthalene was extracted and dimerized using several catalysts 
in atmospheric hexane and octane, respectively or supercritical C02 solvent at IOO'C for 3 h in 
order to separate BT from naphthalene. The fractionated and reaction products were analyzed by the 
elemental analysis, LC and FD-MS. 

RESULTS AND DISCUSSIONS 
Removal and Recovery of Quinolines from Model Methylnaphthalene Oil 

Figure 2 shows the elution profile of the model methylnaphthalene oil using 10 wt% Alz(S04)3 
/Si02 as an adsorbent in the fixed bed apparatus under supercritical C02 conditions. No nitrogen 
compounds were eluted until the extraction time of IZOmin, only denitrogenated methylnaphthalenes 
being recovered at the separation vessel. At the extraction time of 220 min when the adsorbed 
compounds were hardly extracted, C o r  was pressurized upto 150 atm which was kept for 60 rnin 
to recover the adsorbates, and then methanol was added to C02 flow as an entrainer, almost all the 
adsorbed nitrogen compounds being desorbed and recovered from the adsorbent. 

where the elution conditions are same as Figure 2.  62% of methylnaphthalenes in the feed was 
recovered without nitrogen compounds, in other words, quinoline and isoquinoline were not eluted 
until about 60% of the feed was eluted. The activity of the adsorbent in the repeated adsorptiod 
desorption cycle is shown in Figure 4. The adsorption capacity of 10wt% Ah(S04)3/SiOz was 
restored to almost the same level of the first run in the second run by purging almost completely the 
remaining adsorbates which consist mainly of nitrogen compounds. The adsorption activity of the 
adsorbent was gradually decreased with the repetition number of the adsorptioddesorption cycle, 
indicating that some deactivation of the adsorbent should take place during the adsorptioddesorption 
repetition. More polar and/or dried entrainers may be very effective in achieving the complete 
recovery of nitrogen compounds without the deterioration of the adsorbent. Adsorbents should be 
designed in combination with eluting solvents for the completely reversible adsorption/ desorption 
performances. 

Figure 3 illustrates the elution curve of each compound in the model rnethlnaphthalene feed, 

Removal of Benzothiophene from Crude Naphthalene 
Table 1 summarizes the adsorption treatment of crude naphthalene with various adsorbents in 
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atmospheric n-hexane solution followed by filtration to recover hexane-eluted fraction and washing 
of the adsorbent with benzene to recover adsorbed compounds. Sulfur as well as nitrogen 
compounds were removed from crude naphthalene, purified naphthalene and hetero-atom 
compounds being concentrated in haxane and benzene eluates, respectively, although the sulfur 
removal was not so effective as the nitrogen removal, because the basicity of sulfur compounds is 
not So strong as nitrogen compounds. 

Recovery scheme of purified naphthalene(Np) and benzothiophene(BT) under supercritical C02 
conditions is illustrated in Figure 5 .  BT is selectively dimerized and adsorbed on solid acid catalyst, 
naphthalene being purified and recovered by extraction with supercritical C02. BT dimer may be 
converted to BT monomer at a higher temperature, BT being recovered by supercritical C02 
extraction. Figures 6 and 7 show the FD-MS spectra of the oligomerization products from the 
reaction of BT with 10wt% AI~(S04)3/Si02 catalyst at 100°C for 3 h in atmospheric octane and 
supercritical COz solvent, respectively. It is noted that BT is more selectively converted to its dimer 
in supercritical C02 solvent than in atmospheric octane solution, suggesting a remarkable solvent 
effect on the reactivity of BT and the selectivity to its dimer. Such a highly selective dimerization in 
supercritical C02 solvent was also observed in the oljgomerization reaction of the mixture of BT 
and naphthalene under the same reaction conditions. More cross-oligomerization products between 
BT and naphthalene were produced in atmospheric octane solution at lOO"c, suggesting that the 
supercritical C02 solvent may enhance the more preferable interaction of BT with the catalyst to 
that of naphthalene. 

Reaction conditions including temperatures and pressures of dimerization and extraction, and 
catalyst should be further optimized to acieve more selective conversion to BT dimer and recovery 
of BT monomer after selective extraction of purified naphthalene. 
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Table 1 Adsorption treiltrnenl of crude naphthalene with various adsorbents 

Adsorbent Eluting solvent Recovery Elemental analysis 
in atmospheric hexane solution 

(wt%) S(%) N(ppm) 
1.6 500 Original crude naphthalene - 

hexane 91.0 1.0 50 
henzene 6. I 3.1 1700 

IO%A12(SO6)~/Si02 

I) hexane 93.3 1.2 31 
4.3 5.6 - reduced CoMo/A1203 

benzene 
I) hexane 92.1 1.3 25 

hen7ene 6.4 4.2 - reduced NiMo/A1203 

I )  Calalysi reduclion prelrealmenl , Hz n o w ,  3 6 0 V 3 h  

&--J BT 

- 
Crude Naphthalene 

d B T .  Dimerimlion and 1 ( q2 
Selective 
Exwacfim 
orNp under 
Supercrilical C02 
on Solid Acid 

Selecfive AdsorDlion 
of BTOimer on 

. SdidAcid /- Selecfive Cracking 

of  BTDimer 

Rccoverv ofPunficdBTMonomer 

Fig 5 Recovery Scheme of PZ:ified Np and BT 
through Selective Dimerization of BT and 
Extraction of Np under Supercritical CO2 
Conditions on Solid Acid Catalyst 

198, 
I 

Fig6 FD-MS spectra of B.T oligomerization products 
conditions in atmospheric octane solution 

Fig 7 FD-MS spectrum of B.T oligomerization products 
under supercritical C02 conditions 
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INTRODUCTION 
The nitrogen compounds in coal distillates have not been characterized as 
fully as the predominant hydrocarbon components, but are of considerable 
importance due to their adverse effect on fuel stability (1-3) and catalyst 
lifetime ( 4 )  and the potentially adverse health and environmental impact 
(5-7). A number of different classes of nitrogen compounds are commonly found 
in coal liquids (e.g. quinolines, indoles, carbazoles (7-10). These each will 
affect catalyst deactivation and product stability to different extents. 

This report specifically addresses the nature of nitrogen compounds found in 
Wilsomille streams. In the current study, gas chromatography with a 
nitrogen-selective detector (GC/N) and gas chromatography/mass spectrometric 
(GC/MS) techniques were employed to identify and quantitate the major 
nitrogen-containing components found in concentrates prepared from 
coal-derived distillates from two series of Wilsonville pilot plant runs. 
These runs were made with Illinois No. 6 and Wyodak Coals. 

While direct GC/N analysis can be done on the whole, untreated distillate, the 
nitrogen detector is a poor identification tool. Therefore, GC/MS was 
necessary for compound identification. Consequently, pretreatment of the 
distillates to obtain N-rich fractions was a necessary step to minimize 
hydrocarbon interference in GC/MS analyses and allow more detailed examination 
of the nitrogen components in coal distillates. However, once a typical 
nicrogen profile has been characterized, GC/N should allow rapid quantitation 
of the nitrogen compounds in an untreated distillate. 

EXPERIMENTAL 

Samules 

The coal-derived liquids were obtained from the Advanced Coal Liquefaction R & 
D Facility at Wilsonville, AL. The products from five runs were 
characterized, three from the liquefaction of Illinois No. 6 bituminous coal 
(runs 250D. 250H, and 251E) and two from Wyodak subbituminous coal (runs 
251-IIB and 251-IIIB). 
in reference 11. 

Samples from the Wilsonville product streams were obtained soon after the runs 
and stored in a cold room to avoid degradation. 
prepared just before experimentation and their elemental analyses are given in 
Table I. 

Preuaration of Nitroeen Concentrates 

Nitrogen-containing concentrates were prepared in the following manner. 
Approximately Bog of coal liquid oil was added to twice that weight of 10% 
NaOH aqueous solution. 
phenolics were extracted into the aqueous layer. 
layer which was added to Amberlyst-15 cation i o n  exchange resin in a ratio of 
4:2:1 of toluene:raffinate:resin, respectively. 
mixing, the "OH, N-free" oil was recovered by filtration. 

The resin was flushed with pentane and dried in a stream of N2 at ambient 
temperature. It was then contacted with methanol saturated with NH3 to 
recover the concentrates. 
these concentrates by rotary evaporation. 

To confirm that essentially no organic nitrogen compounds remained on the 
resins after NH3 treatment, resins from the 250D, 250H, and 251E treatments 
were treated with H2S04. The recovered liquids were neutralized and extracted 
with CH2C12. These extracts contained no organic N-containing compounds. The 
samples of regenerated resin were checked for nitrogen content. The recovered 

Details of these coals and their processing are given 

Product liquid blends were 

The resulting oil and aqueous phases were separated; 
Toluene was added to the oil 

After three days of gentle 

About 70% of the methanol was gently stripped from 
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resins and a sample of fresh resin subjected to NH3 and H2S04 regeneration all 
contained nitrogen levels of 4 . 1  +/- 0.1%. 

Chromatoeraohic Separations and Comvonent Identification 

Detailed analytical experimental conditions for component separations and 
identification are given in Table 11. Dichloromethane was used as the solvent 
for GC/MS. 
severe peak tailing and detector response problems when dichloromethane was 
used. 

NitroPen Compound Ouantification 

The thermionic nitrogen detector (TID) for GC/N quantification work was 
calibrated using blends of pyridines, anilines, quinolines, indoles, 
carbazoles, and indoline. 
gives a different TID response. Therefore, seven different linear calibration 
equations were generated, 
calibration equation of an aniline. 

Based on the nitrogen components identified by GC/MS, the nitrogen components 
in a sample were grouped by types and quantitated using the calibration 
equations corresponding to the nitrogen types detected. Responses relative to 
4-methylpyridine were determined for available model compounds as listed in 
Table 111. As shown, the response factors for a given nitrogen compound type 
are similar but vary for different types of nitrogen compounds. FOK the 
majority of alkylated nitrogen components identified by GC/MS in the samples, 
we have no standards. Therefore, for a given nitrogen compound class, e.g. 
C,-C,, indoles, a single calibration equation based on the parent compound, 
e.g. indole, was used. There were several nitrogen components boiling above 
carbazole for which we had no standard whatsoever. In such cases, the peak 
area of these components were summed and the carbazole calibration equation 
used to quantitate them. 

RESULTS AND DISCUSSION 

Ion-Exchanee 

The A-15 resin adsorbed between 90 and 95% of the nitrogen compounds from the 
OH-free raffinate generated from the phenolics stripping step. 
organic nitrogen compounds were retained in the A-15 resin after stripping 
with the ammonia/methanol solution. 

Analvtical Results 

GC/MS was used to identify the nitrogen components in the nitrogen 
concentrates of the blends and to determine relative amounts of the various 
nitrogen components. Seven major types of nitrogen-containing compounds were 
detected in the bituminous coal liquid distillates--pyridines, anilines, 
quinolines, hydro-quinolines. indoles, indolines, and carbazoles. Four of 
these types (pyridines. anilines, hydroquinolines, and indoles) were 
the nitrogen classes in the subbituminous coal liquid distillates. 
Side-chains on the ring compounds ranged from C1 through C1, chains. 
parent types of nitrogen compounds detected are shown in Figure 2. 

The nitrogen compounds identified by GC/MS and quantitated by GC/N are grouped 
by classes in Table IV. 
representative nitrogen-containing compounds. Boiling points range from 300'F 
(C, pyridines) up to 700'F (carbazoles). 
compounds detected boiled in the 350-700'F range. 
of the nitrogen compounds were alkyl substituted (designated herein by the 
total alkyl carbon number, e.g., C, pyridines). 

Anilines (C,-C,) were the major nitrogen components in all blends, with the 
catalytic/catalytic run (251E) bituminous product having relatively more 
anilines and the subbituminous products having relatively fewer anilines than 
that of the other runs. 
with that of the other runs. The levels of anilines found in the bituminous 
products are consistent with the fact that the first stage catalyst would 
increase the extent of hydrogenation and cracking of quinolines and multiple 
r ing species to anilines. However, it was not anticipated that the level of 
anilines would be so high. 

Methyl t-butyl ether was the solvent used in GC/N work because of 

Each of these seven types of nitrogen compounds 

Figure 1 shows a typical GC/N calibration plot and 

Essentially no 

The 

This Table also shows boiling point data for 

The majority of the nitrogen 
In addition, the majority 

Run 251E product also had fewer pyridines compared 
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In addition to nitrogen species, GC/MS detected a number of aromatic 
hydrocarbons, primarily biphenyls, naphthalenes, anthracenes, phenanthrenes, 
and pyrenes in the nitrogen concentrates of all runs. 
of non-specific adsorption onto the resin. 
about 30% of the total peak area of the GC/MS data. There was 1-2% phenolic 
material in the nitrogen concentrates of 250D and 250H (none detected in the 
251E nitrogen concentrate). 

Table V shows comparative quantitative GC/N and GC/MS data for the bituminous 
251E coal liquid distillate. 
semi-quantitative nature of GC/MS. 

CONCLUSIONS 
For the characterization of coal-derived distillates for nitrogen compound 
distribution, it is highly beneficial to concentrate a nitrogen-component rich 
fraction prior to analysis. 
to concentrate nitrogen compounds appears to work well for pyridines through 
carbazoles boiling up to about 700’F. 
detection are the preferred techniques to obtain a distribution of the 
nitrogen components. 

Data indicate that the nitrogen concentrates derived from IL No. 6 coal 
contain seven types of nitrogen ring structures: pyridines, anilines, 
quinolines, hydroquinolines, indoles, indolines. and carbazoles. Nitrogen 
concentrates from Wyodak sub-bituminous coal contain mostly pyridines, 
anilines, hydroquinolines, and indoles. Essentially all of the nitrogen 
compounds in both types of cola liquids are alkyl substituted. 
the aromatic rings are C, to Clo. 
was single attachment of longer alkyl chains or multiple attachment of short 
chains. 

High levels of anilines are present, namely about 44% of the total nitrogen 
components detected in the bituminous coal liquids and 29% in the 
subbituminous coal liquids. Other investigators have reported anilines in 
coal-derived liquids (9.10.12). These anilines are presumably the result of 
the hydrogenation and opening of aromatic nitrogen-containing rings. Anilines 
should donate hydrogen during coal liquefaction; however, there is a high 
likelihood that the resulting product forms adducts quickly, thereby resulting 
in measurable retrogressive reactions. 
nitrogen content. 
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These occurred because 
The hydrocarbons accounted for 

The data compare very well in spite of the 

Extraction of phenolics followed by ion-exchange 

Analysis by GC/MS and GC/N selective 

Sidechains on 
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Most retrogressive products have high 
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25011 

251s 

251-118 

2s1-1118 

TABLE I 

Klcwntal  Analyscr of the Product Blends 

Carbon bdroien Nitrosen Sulfur - 
86.9 11.4 0.19 1.4 0.09 

81.2 11.6 0.13 1.4 0.11 

81.5 11.6 0.14 0.8 0.03 

85.7 11.3 0.31 2.60 0.06 

86.3 12.1 0.15 0.84 0.06 

TABLE I11 

Nitrogen Detector Response Factors 

Component 

pyridine 

2.4,6-trimethylpyridine 

aniline 

2,s-dimethylaniline 

p-ethylaniline 

quinoline 

2,4-dimethylq"inoline 

tetrahydroquinoline 

indole 

csrbnrole 

indoline 

1ID Response relative 
to 4-methyl pyridine - 1.00 

1.01 

I .oo 
0.856 

0.860 

0.860 

0.962 

0.956 

0.914 

1.01 

0.849 

1.03 
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1.1 0.1 0.1 0.0 0.0 
1.1 0.0 0.0 0.0 0.0 

- 3 3 s ; i m m  -m 
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1.8 0.1 1.7 0.7 1.3 
0.0 0.0 0.0 0.1 0.1 
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0.0 -n m m a-.a 
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1.5 1.5 1.0 0.9 0.0 
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0.0 0 .0  0.1 0.4 0.0 - - -  1.9 1 . 2  1 . 0  

0.8 0.4 0.1 1.8 0.3  
2.0 4.0 2.9 0.0 0.0 
0.9 0.2 0 .1  0.0 0.0 
1.3 0.1 0 . 3  0.0 0.0 
0.0 0.0 0 .1 0.0 0.0 
4.0 3.1 1.6 0.0 0.0 
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INTRODUCTION 
Information concerning the degree and nature of aromaticity in a hydrocarbon 
feedstock is a very important characterization parameter for refining 
processes designed to convert high boiling feedstocks into more valuable 
products. This is especially true in catalytic cracking because feeds of 
higher aromaticity tend to be more difficult to crack and form coke more 
easily. 
in nature and therefore a detailed knowledge of the aromatic structures 
present in coal liquids is very important in predicting their processing 
properties. 

This work describes the preparative separation and characterization of the 
aromatics fraction of three Wilsonville coal liquids produced by different 
two-stage reaction processes. The coals, the liquifaction processes, and the 
reaction product liquids have been described by Fatemi et. al. (1). The . 
Black Thunder sample was produced by a two stage thermal-catalytic process, 
while the Illinois No. 6 and Pittsburgh No. 8 liquids were produced using a 
more severe catalytic-catalytic process. 

An additional objective of this work was to characterize the behavior of the 
DNAP stationary phase in aromatic ring number separations in real samples. 
Several workers, including this author, have verified the accuracy of the 
ring number separations on analytical scale DNAP columns using model 
compounds. However, the limited number of model compounds available, 
especially of alkyl and naphtheno substituted polynuclear aromatics, and the 
extremely complex nature of real samples of interest require that such 
separations be validated more completely using real samples. 

Products of the liquifaction of coals are generally highly aromatic 

EXPERIMENTAL 
The samples consisted of the 650-1000 F aromatics fractions of the three 
Wilsonville coal liquids. 
included for comparison purposes. The aromatics fractions were produced by 
removal of polar compounds using ion exchange resins, followed by isolation 
of the aromatics by silica gel chromatography. 
mg/mL solution of sample dissolved in cyclohexane was injected manually via 
HPLC sampling valve. The sample was separated by gradient elution using a 
hexane-HTBE gradient. 

The separation on this column is produced via a charge-transfer mechanism in 
which structures containing larger numbers of aromatic rings (more extensive 
pi electron systems) are retained by the electron-withdrawing dinitroanaline 
stationary phase. 
(2,3). 
an analytical scale column showed that the model compounds studied in all 
cases eluted in the same grouping with others of the same ring number and at 
increasing retention time with increasing ring number. There was no case in 
which a compound eluted in the "wrong" group. 
to generally not affect retention time enough to move the species out of it's 
ring number group, although small shifts may OCCUK. 

The fractions produced were individually characterized by GC-MS and GC. 
MS was used to identify individual components of the fractions and as an 
additional validation of the ring number boundary determinations. 
plots of ions representing common structures of different aromatic ring 
number were used to verify ring number regions. 
also monitored spectroscopically using a Diode Array Spectrophotometer. The 
coal liquid fractions were collected in such a way as to attempt to obtain 
"heart-cuts" from each ring number group, and "boundary cuts" at the borders 
between groups. Solvents were removed from the fractions by evaporation 
using a Rotovap and fraction weights were obtained. 
injected sample were 97% to 104%. 

One typical petroleum gas oil (650-1000 F) was 

One milliliter of a 20-30 

Use of this phase has been described by Grizzle et. al. 
Data obtained in our laboratory using solutions of model compounds on 

Alkyl substitution was found 

GC- 

Single ion 

The fraction boundaries were 

Total recoveries of 
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PESULTS 
Cut points for the ring number fractions were initially estimated using model 
compounds. 
regions were injected to define initial cut points between regions. 
initial cut points were determined to be approximately 19.5 minutes for the 
1-2 ring separation, 40 min for 2-3 ring, 60 min for 3-4 ring, and 80 min for 
4-5+ ring. A 30 minute backflush step was included to completely elute the 
sample. Since total column capacity was limited to 20-25 milligrams to avoid 
overloading, and about twenty fractions were taken, fraction sizes were 
limited to a few milligrams at most in each fraction. 

The samples used for this work were in the boiling range of petroleum gas 
Oils. 650-1000 F. The molecular weight range was typically 200-600 Daltons 
with an average of about 350. as measured by mass spectroscopy. This mean6 
that for a molecule to contain only one aromatic ring, typically 70-80 
percent of the atoms must be present in nonaromatic portions of the molecule. 
In general, increasing nonaromatic content results in increasing fraction 
complexity. Increasing aromaticity restricts the number of possible compound 
structures within a particular molecular weight range by constraining the 
hydrocarbons to a limited number of structures, since those structures must 
contain aromatic rings. Hence one of the effects were observe is that the 
ring number fractions become less complex as we go to higher ring numbers as 
a result of the decreasing variety of alkyl and naphthene substitution. 

For comparison and validation purposes mass spectral data were collected 
by low resolution, high voltage MS using the so-called "Robinson" method (4). 
Table I shows a comparison of the normalized ring number distributions 
obtained by preparative HPLC, compared to those obtained from hydrocarbon 
type analysis by mass spectroscopy. 
within the limits of the techniques used. 

Model compounds known to lie on the boundaries of ring number 
These 

Good agreement is obtained generally 

The liquid chromatographic separations showed the bulk of the mass isolated 
from the Illinois No. 6 and the Pittsburgh No. 8 liquid to consist of one end 
two ring material, which is consistent with the MS results. 
for these samples are very similar. 
produced from a two stage, catalytic-catalytic process described in Reference 
(1). 
which were produced by a Thermal-Catalytic process, showed a much larger 
fraction of 3 and 4 ring material, compared to the Pittsburgh and Illinois 
coal liquids. 
Petroleum gas oil fractions showed a wide distribution of ring number 
structures with 1- and 2- ring structures predominating. 

Chromatograms 
These two samples represent the coals 

The fractions isolated from the Black Thunder (Wyodak) coal liquid, 

The amount of one and two ring material is relatively small. 

p 

All HPLG separations were monitored spectrophotometrically by continuous 
collection of spectra in the ultraviolet region. 
characteristic spectra which differ significantly depending on ring number. 
This is a result of the extension of the aromatic ring system. which 
increases the probability of lower energy, longer wavelength transitions. 
Shifts to absorption at longer wavelengths will occur as the aromatic 
structures are extended to larger ring numbers. W absorption spectra were 
used to help define the boundaries of the separation. Spectra from the 
separation of the Pittsburgh coal liquid are shown in Figure 1 to illustrate 
the distinct spectral changes which occur in the ring number separation. 
Figure la shows how the spectra change in the 1-2 ring transition region of 
the Pittsburgh coal liquid separation. 
absorbance maximum. 
of eluted sample components as we go from spectrum C in Figure la, taken at 
19 minutes, to D, taken at 20 minutes. 
one ring aromatic while spectrum D more closely resembles a two ring aromatic 
compound. 
which shows the 1-2 ring transition to occur at about 19.5 minutes. 

Figure lb shows the sharp spectral transition occurring over just two minutes 
in the portion of the separation where 3 ring compounds begin to emerge, The 
much more extended absorption of spectrum B is indicative of the partial 
transition to 3 ring structures. 

Figure IC shows evidence of the emergence of 4 ring structures. 

Aromatic compounds show 

All spectra are normalized to the r 
It is clear that a distinct change occurs in the spectra 

Spectrum C is much more typical of a 

These spectral changes are consistent with model compound data 

Spectrum A 
l is a typical 3 ring region spectrum, while spectrum B shows the emergence of 
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a series of bands in the region from 3 0 0  to 3 4 0  nm which is typically 
characteristic of 4 ring aromatics. 

Figure Id shows more clearly the difference between characteristic spectra 
taken from the middle region of each ring type. 

Gas Chromatoeraohv and GC-MS 
All of the fractions from the Pittsburgh No. 8 separation, and selected 
fractions from the other separations, were analyzed by high resolution 
capillary gas chromatography. Peak identification was performed by gas 
chromatography-mass spectroscopy and retention time matching with standard 
solutions of polynuclear aromatic mixtures. The variety of structures can be 
qualitatively compared by means of the number of distinct peaks observable in 
the chromatograms. 
variety of structures and individual components are not well resolved into 
distinct peaks. 
be able to identify individual components unambiguously by GC-MS. However, 
GC-PIS data obtained from these fractions is consistent with the predominance 
of heavily alkyl substituted one ring aromatic structures. 
region was found to contain primarily alkyl diaromatics, including 
hexahydropyrenes, naphtheno and dinaphthenonaphthalenes. as well as alkyl 
acenaphthenes, but there was no evidence of 3 ring aromatics. The 2-3 ring 
boundary fraction contained hexahydropyrene, alkyldihydroanthracenes, and 
alkyl phenanthrenes. The 3 ring region showed alkylated anthracenes, 
phenanthrenes, and naphthenophenanthrenes as as well as alkyl benzofluorenes. 
The chromatograms from the four ring region showed exclusively alkylated 
tetraaromatics, including pyrenes , benzophenanthrenes , and benzanthracenes . 
A number of components, including pyrene and methyl pyrenes appear in several 
of the later fractions, providing evidence of significant bandspreading in 
this part of the liquid chromatographic separation. A l l  gas chromatograms 
from this region show relatively few compounds and demonstrate a tremendous 
reduction in complexity which can be achieved by using LC and GC together to 
characterize complex hydrocarbon mixtures. 
vastly reduced in complexity. The backflush fraction of the Pittsburgh coal 
liquid shows the presence of 4, 5 ,  and 6 ring aromatics. Model compound data 
from HPLC separations on DNAP indicate that ring number separations are 
increasingly poorly resolved above 5-6 rings, and this appears to be borne 
out by the wider variety of multi-ring structures appearing in this fraction. 

GC-HS Verification of HPLC Rine Number Reeions 
GC-MS data obtained from the individual fractions were used in an additional 
way to verify ring number region assignments. Constraints imposed by 
structural and molecular weight requirements mean that some fragment masses 
will be much more likely to appear in the mass spectra of aromatics and 
substituted aromatics than others. 
absence of large amounts of nitrogen, oxygen, and sulfur containing 
compounds. Low sulfur content allows us to eliminate consideration of sulfur 
containing structures for the coal liquids, but not the petroleum gas oil, 
which contains 2.8 per cent sulfur. 
representative structural combinations and ions produced from those 
structures shows that by monitoring for a limited set of single ions 
representing likely fragments or molecular ions from those structures, we can 
characterize the ring number distribution for the sample by determining 
whether the observed masses are consistent with the expected ring number. 
For example, masses 270 and 280 are likely masses from 1 ring aromatics 
possessing typical alkyl or naphthenic substitution. The region of mass 270- 
280 was chosen because it is the minimum mass range of 6 ring aromatics. 
Since the average MU of these compounds is about 3 5 0 ,  ions in this mass range 
will almost always represent the larger of any fragment ions produced. 
Unsubstituted, or minimally substituted 3 ring or 4 ring compounds such as 
pyrene and methyl pyrenes will not be observed within this mass range, but 
their elution positions in the HPLC separation are already well known from 
model compound studies. 
aromatics, and mass 276 of 3 ring aromatics. Likely masses for 4 ,  5 and 6 
ring aromatics are derived from the same set, 270 and 276 for 4 rings. 280 
for 5 rings, and 276 for 6 rings. Thus by monitoring for only three ions, 
270, 280, and 276, and by reasoning that 4 ring aromatics will not likely 
fall into the same LC ring fraction as 1 or 2 ring aromatics, and 5 ring 
aromatics will not coelute with 2 ring, etc. we can obtain additional 
confirmation of the ring number content of each fraction by' GC-MS. 
this procedure may not work for some unusual structure types, some of which 

A l l  of the 1 ring fractions appeared to possess a large 

Chromatographic resolution is also not complete enough to 

The two ring 

Even the petroleum gas oil is 

The problem is greatly simplified by the 

A consideration of the likely 

Masses 280 and 276 are likely products of 2 ring 

Of course 
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we must expect, but it should hold true for most common structures such as 
those found in these fractions. 

Figure 2 shows the GC-MS single ion chromatograms for 1.through 4 ring 
fractions of the Illinois coal liquid. 
masses 270 and 280 in the 1-ring fraction. 
the absence of significant 2 or 3 ring material in this fraction. 
A 
shown in Figure lb. 
Figure indicating that no 1 ring material overlapped the fraction. 
Figure 2c shows exclusively 3 ring material in the 3 ring fraction as 
evidenced by the presence in significant quantity of only mass 276. 
Figure 2d shows a fraction from the 4 ring region containing exclusively ion 
mass 270, suggesting a relatively pure 4 ring fraction, without significant 3 
or 5 ring "contamination". 
showed significant overlap between 5 and 6 ring components. 

CONCLUSIONS 
The preparative DNAP column was found to effectively separate coal liquid 
aromatics fractions by ring number with only limited overlap. Distinct 
changes in W spectra and GC-MS data were observed in the same boundary 
regions between ring numbers determined by use of model compounds. 
regions were less sharp for the petroleum gas oil as a result of the greater 
degree of alkyl substitution and the presence of significant sulfur 
containing components. Preparative HPLC is seen to be a very effective way 
of simplifying complex hydrocarbon mixtures for further study and 
characterization. 
polynuclear aromatics with limited alkyl substitution. This was especially 
true of the Black Thunder Coal liquid, which contained primarily 3 .  4 and 5 
ring material. 
probably the result of the thermal-catalytic two-stage liquification process 
used in it's preparation. 
using a more severe catalytic-catalytic process and, as a result, contained 
generally smaller aromatic ring structures. 
to contain more heavily alkyl substituted structures than the coal liquids, 
based on differences in W spectra and gas chromatogram complexity. 
Gravimetric quantification of coal liquid ring fractions yielded results for 
ring number distributions similar to those obtained by low resolution, 
hydrocarbon type mass spectroscopy. 

BEF-S 

Figure 2a shows the predominance of 
The absence of mass 276 suggests 

heart cut of the 2 ring region taken from the Illinois coal liquid is 
No significant signal at mass 270 is found in this 

Similar ion chromatograms from later fractions 

Boundary 

The coal aromatics were found to consist mainly of 

The larger ring structures in the Black Thunder material were 

The Pittsburgh and Illinois coals were produced 

The petroleum gas oil was found 
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TABLE I 

RING NUMBER DISTRIBUTION BY PREPARA~IVE HPLC COMPARED TO MASS SPECTROSCOPY 

1 
Illinois NO. 6 

HPLC 22.7% 
ns 23.3 

HPLC 12.1 
HS 14.4 

HPLC 30.2 
MS 29.7 

Black Thunder 

Pittsburgh No. 8 

Aromatic Rings 
2 3 4 5+ 

48.2% 20.2% 8.5% 0.4% 
37.3 21.7 11.4 0.4 

24.8 19.3 37.1 6.7 
23.0 23.9 29.5 2.1 

36.9 18.9 11.9 1.7 
33.2 18.4 13.7 1.1 7 

Notes: 
1. 

2. 

All HPLC data were obtained using the same dividing points. Dividing 
points were identified by spectra, model compounds, and GC-MS. 
MS data do not add up to 100% because of the presence of unidentified 
species in the MS results. 

J 
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1 - 2 Ring Transition 2 - 3 Ring Transition 

A 17mm 
B Ismin 
C 19min 

-100 I I 
210.0 2600 310.0 360.0 

Wavelength (nm) 

A 40 mm 
B 42 min 

- A  

W U I  

0 
-10.0 

210.0 260.0 3100 3W.O 
Wavelength (nm) 

3 - 4 Ring Transition Spectra by Ring Number 

I -10.0 ' I 
210.0 2600 3100 360.0 2100 260.0 310.0 360.0 

WavelengIh (nm) Wavelenglh (nml 

I .- ! 
i 

I.... 

Flgucs 2. GC-MS ion chronarograms of  rlng fractions of llllnols No. 6 coal 
I lquld.  
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INTRODUCTION 
Thermal and other pretreatments of pitch fractions are being widely investigated 
as a means to increase the extent of mesophase formation in relation to the 
production of high performance carbons (1-3). The structural changes that occur 
can be assessed using carbon skeletal parameters but, although solid state 
NMR has been used for this purpose (4-7), the quantitative reliability of the 
technique has still to be established for pitch fractions. It was demonstrated 
previously (7) that, as for coals (*), cross-polarisation (CP) can vastly 
underestimate quaternary aromatic carbon concentrations. A combination of a 
low magnetic field strength to avoid problems with spinning sidebands and the 
simple Bloch decay or single pulse excitation (SPE) technique is now generally 
recognised as offering the most satisfactory approach for obtaining quantitative 
13C NMR results.for coals and related materials (8-11). In this study, single pulse 
excitation (SPE) and associated relaxation measurements have been conducted at 
low field on coal-derived pitches and their toluene-insoluble (TI) fractions, 
together with a biomass-derived pitch and the results compared with those from 
CP. 

EXPERIMENTAL 
The elemental compositions of the whole coal tar pitch (CTP), the TI fraction 
from a CTP and the biomass pitch prepared from Eucaliptus Saligna wood are 
listed in Table 1. 

All the 13C NMR measurements were carried out at 25 MHz on a Bruker 
MSLlOO spectrometer with MAS at 5.0 kHz as described previously (8) to give 
spectra in which the sideband intensities are only ca 7-8% of the central aromatic 
bands. Typically, ca 250 mg of sample was packed into the zirconia rotors. The 
1H decoupling and spin-lock field was ca 60 kHz and, for SPE, the 9@ 13C pulse 
width was 3.3 ks. 13C thermal relaxation times (Tls) of the pitch fractions were 
determined using the CP pulse sequence devised by Torchia (12) with a contact 
time of 5 ms in most cases. Tetrakistrimethylsilane (TKS) was added to the 
samples as an intensity standard. Variable contact time CP experiments were 
used to estimate lH rotating frame relaxation times (Tips) and the characteristic 
time constant for CP (TcH). ,! 

I 

Table1 ; . .  

Whole CTP T o l u e n e - i n s o u & l -  
C 94.8 92.1 72.0 

% H  5.7 4.8 6.6 
N 1 .O 1.1 0.6 
S N.D. 0.4 N.D. 
0 (a) < I  1.6 20.8 

9 2 1 

(a) = by difference. N.D. = not determined 
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Depending upon the 13C Tls, relaxation delays between 50 and 80 s were used for 
all the normal and variable delay dipolal dephasing (DD) SPE measurements At 
least 5 dephasing periods in the range of 50 to 500 us were used before the first 
rotational modulation and this was sufficient to allow an estimate of the decay 
constant of the non-protonated aromatic carbon. In order to allow for variations 
in tuning for the variable delay DD and CP experiments, blocks of 64 scans were 
successively accumulated for each delay, the total number of scans being 512. No 
background signal was evident in the SPE spectra from the Kel-F rotor caps. All 
the FIDs were processed using a line broadening factor of either 20 or 50 Hz. 
The measurement of the small aliphatic peak areas was conducted manually as this 
was found to be generally more precise than using the integrals generated by the 
spectrometer software. 

RESULTS AND DISCUSSION 

Ouantitative reliability Table 2 summarises the relaxation parameters determined 
for the whole CTP and TI fraction. The variation of the aromatic carbon peak 
intensity in the Torchia 13C T1 method for the CTP is presented in Figure 1. The 
13C Tls for the quaternary aromatic carbons (longer component where two are 
listed, Table 1) are cu 10 and 15 s, respectively for the whole CTP and TI 
fraction meaning that recycle delays of 50 and 75 s are required in SPE to 
ensure virtual complete relaxation of the 13C spins between succesive pulses. The 
hydrogen Tls (Tlh, Table 1) and rotating frame relaxation times (TlpH) are 
shorter for the TI fraction, mainly due to the presumed higher concentration of 
free radicals. The long T1H for the whole CTP means that, even in CP, a recycle 
delay of cu 10-15 s is appropriate to ensure complete relaxtion of the proton 
spins. 

eters for the coa 1 tar Ditch samD& 

Sample TiH /ms TCH IPS Tlp /m Tic /S 

Whole pitch 1100 (77%) 42 (44%) 5.4 15.2 (a) 

3200 (23%) 780 (56%) 

Toluene- 0.2 (59%) 27 (68%) 1.5 (68%) 1.0 (32%) 
insolubles 60 (41%) 310 (32%) 11 (32%) 10.0 (68%) 

(a) = for quaternary aromatic carbon only. 

In(peak inl.) 

3 1  

FIGURE 1 DECAY OF AROMATIC PEAK INTENSITY FOR THE 

THERMAL RELAXATION TIMES 
TOLUENE-INSOLUBLE FRACTION IN DETERMINATION OF I3C 
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Figure 2 shows SPE spectra for the whole CTP and TI fraction. The use of TKS 
as an intensity standard has indicated that ca 90% of the carbon was observed by 
SPE in both fractions with a relaxation delay of 50 s (Table 3). As anticipated, 
the aromaticities are nearly 1 for both fractions but lower values (0.95-0.97 with 
a 1 ms contact ) have been obtained by CP (Table 3). 

carban Table 3 lists the aromaticities and fractions of 
quaternary carbon (C,/CA ) derived from the SPE spectra for the whole CTP and 
TI fraction. Figure 3 compares the aromatic carbon intensity plots obtained from 
DD using SPE and CP with a 1 ms contact for the TI fraction. As for coals (*), 
CP grossly underestimates quaternary aromatic carbon concentrations. Although 
the value of 0.58 for C&A obtained with a contact time of 5 ms is significantly 
higher than that for 1 ms (OM), it is still ,much lower than that 0.70 from SPE. 
The agreement between CP DD value of 0.58 for C q / C ~  and that of 0.68 for the 
slower relaxing carbon in the two component fit for the 13C TI relaxation 
behaviour (Figure 1) is reasonably good, considering the expefimental error for 
the latter. 

As there is little aliphatic carbon and oxygen in the CTP samples (Tables 1 and 
3), the errors involved in deducing the bridgehead aromatic carbon 
concentrations (CERIC) from the values for C,/CA are relatively small. The 
results obtained indicate that the average size of the aromatic nuclei correspond to 
6/7 ring pen-condensed structures for the whole CTP and, as expected, 
considerably larger entities for the TI fraction 

Ali~hatic carbon Since the 13C Tls of the aliphatic carbons are much shorter than 
those of the quaternary aromatic carbons, reasonably accurate results can thus be 
obtained with much shorter recycle times. Figure 4 compares the aliphatic 

n 

FIGURE 2 SPE *3C NMR SPECTRA OF WHOLE CTP AND 
TOLUENE-INSOLUBLE FRACTION CONTAINING TKS 

-s 1 'tch am- le 

Sample Aromaticity, fq CBR/C % of C obs. 
fa 

(0.95) 
Toluene- >0.99 0.70 0.68 90 

insolubles (0.97) 

Whole pitch 0.98 0.52 0.50 93 

f, = 
CERIC = 

fraction of quaternary carbon of total aromatic carbon. 
mole fraction of bridgehead aromatic carbon. 
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0 100 200 300 400 500 600 
Dephasing time (us) 

FIGURE 3 COMPARISON OF AROMATIC PEAK INTENSITIES 
FROM THE SPE AND CP (1 ms CONTACT) DIPOLAR DEPHASING 
EXPERIMENTS ON THE TOLUENE-INSOLUBLE FRACTION 

I 

10 0 - 2 0  
PPI( 2 o  

FIGURE 4 ALIPHATIC CARBON BANDS FROM SPE AND CP 
SPECTRA OF THE TOLUENE-INSOLUBLE FRACTION 

regions from the SPE spectrum of the TI fraction obtained with a recycle delay 
of only 5 s with those from the CP spectra obtained with contact times of 0.5 and 
2 ms. Although the signal to noise ratios are understandably low, the proportion 
of CH3 (10-25 ppm) observed at the shorter contact time is only 30-40% of the 
aliphatic carbon due to the incomplete CP of the rotationally mobile CH3. The 
proportion observed is higher at the longer contact time of 2 ms but the signal to 
noise ratio is less than in the SPE spectrum which indicates that CH3 accounts for 
at least 60 to 70% of the aliphatic carbon. 

Biomass pitch Figure 5 shows the spectra obtained by SPE with a 50 s relaxation 
time and by CP with a 1.5 ms contact time. Table 4 lists the relaxation 
parameters and the carbon aromaticity. As for the CTP, over 90% of the carbon 
was observed by SPE with a relaxation delay of approximately 5 times the 13C TI 
for quaternary aromatic carbons (cu 10 s, Table 4). The biomass pitch is 
structurally diverse with methoxyl groups (peak at 55 ppm, Figure 5 )  surviving 
the carbonisation which clearly indicates that tar evolves at relatively low 
temperatures. The carbon aromaticity of 0.60 obtained by SPE compares with 
that of 0.58 from CP suggesting that., as for wood and other lignocellulosic 
materials (I3), the discrimination against aromatic carbon is not as great as for 
low-rank coals. 

180 
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200 150  100  5 0  
PPM 

FIGURE 5 SPE AND CP (1 ms CONTACT) SPE ‘3C NMR 
SPECTRA OF THE BIOMASS PITCH 

4 S-ation wameters for the b i o u  

TiW ms TIC aromatic /s % C observed .Aromaticity, fa 
46 (80%) 9.8 (44%) 96 0.60 
91 (20%) 0.8 (56%) (0.58) (a) 

(a) = CP value with a contact time of 1 ms. 

CONCLUSIONS 
13C thermal relaxation times for quaternary aromatic carbons in coal tar and 
biomass pitches investigated are in the range 10-15 s and, provided that suitably 
long relaxation delays are used in SPE, over 90% of the carbon is observed. 
Further, the self-consistent quaternary aromatic carbon concentrations derived by 
SPE-DD are higher than those obtained from CP, even with long contact times. 
SPE has indicated that the aliphatic carbon present in the CTP TI fraction 
investigated is predominately methyl. 

ACKNOWLEDGEMENTS 
The authors thank the the Science and Engineering Research Council (Grant no. 
GR/F/87264) and the European Community (Contract No. CI 1-CT92-0028, 
DGXII-G) for financial support and C. Luengo of the Universidade Estadual de 
Campinas, Brazil for supplying the wood-derived pitch. 

I 

REFERENCES 
1. 
2. 
3. 

4. 
5. 

6. 

7. 
b 

\ 8. 
9. 

I 
10. 

H. Marsh and R. Menendez, Fuel Process. Technol,, 20, 269 (1988). 
Z, Weishauptova, J. Medek and M. Rada, m, 73, 177 (1994). 
M. Matsumoto, M. Higuchi, T. Tomioka and H. Sunago, m, 73,237 
(1 994). 
P. Oliver and B.C. Gerstein, Carbon, 22, 409 (1984). 
H. Sfihi, P. Tougne and A.P. Legrand, Fuel Process. Technol., 20, 43 
( 1987). 
A. Grint, G.P. Proud, I.J.F. Poplett, K.D. Bartle, S.Wallace and R.S. 
Matthews, m, 68, 1490 (1989). 
C.E. Snape, A.M. Kenwright, J. Bermejo. J. Fernandez and S.R. Moinelo, 
Fuel, 68, 1605 (1989). 
G.D. Love, R.V. Law and C.E. Snape, Energv & Fuels, 7, 639 (1993). 
C.E. Snape, D.E. Axelson, R.E. Botto, J.J. Delpuech, P. Tekely, B.C. 
Gerstein, M.Pruski, G.E. Maciet and M.A. Wilson, m, 68, 547 (1989) 
and references therein. 
J.A. Franz, R. Garcia, J.C. Linehan, G.D. Love and C.E. Snape, Enerev & 
&&, 1992,6,598. 
Muntean, J.V. and Stock, L.M., 
D.A. Torchia,, -, 30,613 (1978). 
G.D. Love, C.E. Snape and M.C. Jarvis, BioDolvmers, 32, 1187 (1992). 

& Fuels, 5,767 (1991). 

781 



CPMAS AND DDMAS 13C NMR ANALYSIS OF COAL LIQUEFACTION RESIDUES 

chunshan SONG,* Lei HOU, Ajay K. SAINI, and Pahick G. HATCHER 

Fuel Science Program, Department of Materials Science and Engineering 
The Pennsylvania State University, University Park, PA 16802 

Keywords: 13C NMR, CPMAS, Coal Liquefaction, Residues 

INTRODUCTION 

We have shown in previous papers that spectroscopic analyses of liquefaction residues (by NMR, 
pyrolysis-GC-MS, and FT-IR) can provide imponant structural information which can be used for 
elucidating the chemical reactions of liquefaction (Song et al., 1992, 1993. 1994) as well as the effects of 
dispersed catalysts (Saini et al., 1992; Huang et al., 1993; Song et al.. 1994). The present work involves 
solid-state I3C NMR studies of residues of two subbituminous coals from their liquefaction at 300425"C, 
using cmss-polarization (CP). dipolar dephasing (DD) and magic-angle-spinning (MAS) techniques. A 
preliminary survey of some CPMAS 1 3 ~  NMR results for one of the two coals was presented previously 
(Song et al., 1993). In a companion paper, we repon on the analysis of oils from liquefaction of these coals 
by two-dimensional HPLC and GC-MS (Saini and Song. 1994). 

EXPERIMENTAL 

Sample Preparation. Three types of samples were examined in this study. The first set of samples are 
THF-insoluble residues from temperature-programmed liquefaction (TF'L) of a Montana subbituminous 
coal (DECS-9) in tetralin solvent at a final temperature ranging from 300°C to 4 2 5 T  for 30 min (Song et 
al., 1992). The second set of samples are THF-insoluble residues from liquefaction of a Wyodak 
subbituminous coal (DECS-8) at 350°C with and without a solvent (Song et al., 1994). The coals were 
predried in vacuum at about 100°C for 2 h prior 10 liquefaction. The third set of samples are the fresh raw 
coals (DECS-8, DECS-9) and THF-extracted but unreacted coals. Our experience shows that trace 
amounts of THF always remain in the THF-extracted residues even after vacuum drying at 100°C for over 
6 h, which interferes with spectroscopic analysis. We have solved the problem by washing the residue first 
with acetone, then with pentane. followed by vacuum drying at 100°C for 6 h prior to spectroscopic 
analysis. The residue samples were also subjected to elemental analysis. 

Solid-state 13C NMR. NMR spectra were acquired on a Chemagnetics M-100 spectrometer. The 
measurements were carried out at a carbon frequency of 25.035 MHz. The spectrometer performance was 
checked with a standard sample of hexamethylbenzene to assure the Hanman-Hahn match. In a typical 
analysis, about 0.4-0.6 g of a sample was packed in a 0.4 mL bullet-type rotor made of 
polychlorovifluoroethylene (Kel-F). Kel-F does not have a CPMAS I3C signal. The MAS speed of the 
rotor was about 3.5 kHz. 

The CPMAS I3C NMR spectra were obtained by using the combined high power proton decoupling, cross- 
polarization, and magic angle spinning techniques. The experimental conditions for all the samples are as 
follows: a cross-polarization contact time of 1 msec, a pulse delay time of 1 sec. 50 kHz of proton 
decoupling. sweep width of 14 kHz, and 20-30 Hz line broadening. Carbon aromaticity was determined by 
integrating the peaks between 95 and 165 ppm (ppm relative to tetramethylsilane). Spinning sideband 
intensity was distributed for aromatic cahons. Other details concerning CPMAS maybe found elsewhere 
(Hatcher, 1987). 

Dipolar-dephasing .13C NMR spectra (DDMAS) were acquired by using the pulse sequence described by 
Alemany et al. (1983) and Wilson et al. (1984). After the protons are spin-locked and cross-polarization is 
induced. a variable dephasing time Tdd is insened. during which the high-power decoupler is turned off. 
During this period, which lasts from 5 to 180 psec, carbon magnetization becomes influenced and 
diminished (dephased) by the strong dipolar interactions between I3C and IH spins. Carbons directly 
bonded to hydrogens (protonated carbons) dephase much more rapidly than those without attached 
hydrogens (non-protonated carbons). More details about the theory and procedures of dipolar dephasing 
may be found elsewhere (Hatcher, 1987, 1988; Pan and Maciel. 1993). In general, protonated carbons 
dephase within the first 60 psec (Tdd). and the signals remain after 60 psec are due to non-protonated 
carbons. \ ,  

RESULTS AND DISCUSSION \' 

i 
Structural Characteristics of THF-extracted Coals 

Figure 1 shows the CPMAS and DDMAS 13C NMR spectra of THF-extracted but unreacted Montana 
subbituminous coal (DECS-9). In the CPMAS spectrum, there are two major bands, an aromatic bands 
from 95 to 165 ppm and an aliphatic band from 0 to 80 ppm. Among the aliphatic bands, methyl carbons 
appear at 0-25 ppm, methylene carbons resonate between 25-51 ppm. methoxyl groups around 51-67 ppm 
and ether groups between 67-93 ppm (Yoshida et al.. 1987). The aromatic region includes two shoulders 
which may be attributed to catechol-like oxygen-bound carbons (centered around 142-144 ppm) and 
phenolic carbons (centered around 152-154 ppm). There are two other bands with lower intensities, 
including carboxyl groups between 170-190 ppm and ketonic carbonyl groups between 190-230 ppm. 

* Corresponding author. 

782 I 



1 

i 
I 

'3 

DDMAS 13C NMR was used to examine the degree of protonation of carbons. Protonated carbons decay 
at a rate that is dependent on Tdd2 and is often referred to as the Gaussian Component of Signal decay: 
non-protonated carbons decay at a much slower rate that is exponential with respect to Tdd (Alemany et al.. 
1983). Compared to the CPMAS spectrum , signal decay in the 95-165 ppm region was due mainly to 
Protonated aromatic carbons (95-130 ppm). The signal intensity remaining in the aromatic region in the 
DDMAS spectrum in Figure 1 can be attributed to bridgehead and substituted aromatic carbons (130-148 
PPm) and oxygen-bound aromatic carbons (140-165). Apparently, the shoulders that we identified as 
catecholic (structure I) and phenolic (structure 11) carbons remain in the DDMAS structure and are clearly 
non-protonated carbons. 

Our assignment of the peak centred at 
142-144 ppm in the DDMAS specha is 
different from that of Pan and Maciel 
(1993). They assigned the 144 ppm 
peak for Beulah-Zap lignite (801) to an 
aniline-type aromatic carbon. We have 
assigned this peak to the catecholic 
oxygen-bound aromatic carbon (shown 
in structure I). This is based on the 
NMR spectra of lignin-related model 
compounds and lignin (Hatcher, 1987) 
and the combined CPMAS NMR and 
pyrolysis-GC-MS studies of low-rank 
coals, including DECS-9 (Song et al., 
1993) and DECS-8 (Saini et al., 1992) 
coals used in this work, as well as a 

R' 

R" 

+OR+ Str. I Str. I1 lignite (Wenzel et al., 1993). 

Rash pyrolysis GC-MS of lignites (Hatcher et al., 1988; Wenzel et al, 1993), DECS-9 Montana coal (Song 
et al., 1993). and DECS-8 Wyodak coal (Saini et al., 1992) revealed that catechol and phenol as well as 
their homologs are important components in the pyrolyzates of low-rank coals. Another important 
evidence is that as catechol observed in the pyrolysis-GC-MS diminishes, so does the catecholic peak in the 
CPMAS l3C NMR spectra (Hatcheret al., 1988; Song et al.. 1993; Wenzel et al., 1993). 

Quantitative CPMAS NMR analysis of Montana coal was performed by means of curve-fitting. as 
described in our recent paper (Song et al.. 1993). This coal has 63-64s aromatic carbons among total 
carhons. Combination of DDMAS and CPMAS NMR data reveals that about 34-3976 of the aromatic 
carbons are protonated carbons; 23-24% of aromatic carbons are chemically bound to oxygen atoms; the 
remaining 31-33% aromatic carbons are bound primarily IO other carbon atoms and secondarily to nitrogen 
and sulfur. The above spectroscopic results suggest that the Montana coal contains approximately two or 
three protonated carbons, one or two oxygen-bound carbons, and two substituted or bndgehead carbons 
per aromatic ring. 

Compared to the Montana coal, THF-extracted Wyodak subbituminous coal (DECS-8) has a lower 
aromaticity (57%). However, it also has all the characteristic peaks (aliphatic. aromatic, carboxyl, carbon 1) 
and shoulders (phenolic, catecholic) that DECS-9 Montana coal possess (Figure I). The DDMAS 11, 
NMR data are not available for this sample at the present time. 

Characterization of Residues from Non-Catalytic Liquefaction 

Figure 2 presents the CPMAS and DDMAS 13C NMR spectra of THF-insoluble residue from non-catalytic 
TPL of a Montana subbituminous coal (DECS-9) in the presence of tetralin solvent at  a final temperature of 
350'C for 30 min. Details of TPL procedures and results may be found elsewhere (Song and Schobert, 
1992). Comparative examination of DDMAS data indicates at least three trends. First, relative to the THF- 
extracted umacted coal, non-protonated carbons contribute more IO the aromatic band in the residue from 
35O0C run. Second. the catecholic peak almost disappeared after 30 min at 350°C. Third. ohenolic Deak 
does not diminish as much as the cafecholic peak 
two DDMAS spectra (Figures 1 and 2). 

reaction at 350°C. as can be seen by comparing the 

Figure 3 shows the CPMAS and DDMAS I3C NMR spectra of THF-insoluble residue from non-catalytic 
reaction of a vacuum-dried Wyodak subbituminous coal (DECS-8) in the absence of any solvent at 350°C 
for 30 min under 6.9 MPa H2. Since no donor solvent or catalyst was used, the coal conversion is very low, 
only about 12.5 wt%. More liquefaction results of this coal are described elsewhere (Song et al., 1994). 
The characteristics of both CPMAS and DDMAS spectra of this sample resemble those of the 
corresponding spectra for residue from Montana coal (Figure 2). although the two samples were derived 
from different coals under different conditions. 

The reaction temperature has the most significant impact on the spectral characteristics of the liquefaction 
residues. We have performed both DDMAS and CPMAS 13C NMR analysis of the THF-insoluble 
residues from TPL reactions of Montana coal (DECS-9) at 300, 350OC. 375.400 and 42YC for 30 min. 
Catechol-like structures were found to be thermally sensitive and diminish gradually with increasing 
temperature up to 350'C. The catecholic shoulder at 142-144 ppm disappears from the residue of 375°C 
run. Carboxyl (165-190 ppm) and carbonyl (190-230) peaks diminish significantly after 375°C and they 
disappear in the spectrum of residue from 4 0 0 T  mn. Phenolic structures diminish with increasing 
temperature up w 425°C. These results clearly indicate that there are thermally reactive oxygen functional 
groups in coal and their reactions can take place at temperatures as low as 300-375OC. 

As shown in Figure 4, the carbon aromaticity of residues increased monotonically with increasing reaction 
temperature after 300°C. Comparison of the curve for WC atomic ratio and that for cartmn ammaticity 
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indicates that THF extraction of unreacted coal and that reacted at 300°C. removed more aliphatic 
materials. However, the conversion level at 3Oo0C in tetralin is below 10 wt% (dmmf). The WC ratio of 
the residues decreased significantly with increasing temperature up to 425OC. The aromaticity of the 
residues increased with increasing coal conversion, being consistent with the observations by two other 
groups on residues from liquefaction (Fatemi-Badi et al.. 1991; Franco et al., 1991). The increase in carbon 
aromaticity is driven primarily by temperature. and secondarily by the adduction of aromatic solvent 
molecules (Song et al.. 1993. 1994). Another interesting observation is that, while the total aliphatic 
carbons decrease. the percentage methyl carbons relative to total aliphatic carbons increases with 
increasing temperature up to 425°C. 

DDMAS analysis (Figure 5 )  shows that the degree of protonation of aromatic carbons in the residues 
decreased from 35% (for THFextracted but unreacted Montana coal) to 13% for residue from the non- 
catalytic run at fmal reaction temperature of 375'C. General trends observed from DDMAS experiments 
for residues from DECS-9 are as follows. The degree of protonation of aromatic carbons in the residue 
decreases with increasing coal conversion. In other words, the higher the coal conversion into THF-soluble 
products. the more non-protonated aromatic carbons in the THF-insoluble residues. The higher content of 
non-protonated carbons among total aromatic carbons could originate from either higher degree of 
condensation or higher extent of substitution. Since the aromaticity increases and atomic H/C ratio 
decreases with increasing temperature. the decrease in the relative content of protonated aromatic carbon 
(or the increase of non-protonated aromatic carbons) is due mainly to the increased degree of condensation. 
This means that there are more bridgehead aromatic carbons or more condensed-ring aromatic stmctures in 
the residues from runs at higher temperatures. 

As discussed above, there exists good correlation between carbon distribution and reaction temperature 
above 300OC. We have attempted mathematical correlation of the NMR data for the residue with reaction 
temperature (Song et al., 1993). Figure 6 shows that the changes in the aromatic, aliphatic, and oxygen- 
bound carbons of the residues can be related to the liquefaction temperature by a linear correlation. A 
general expression is given below: 

Ci = a fi  + pT for specific carbon type i 

where T is reaction temperature (T), fi and Ci represent the content of specific carbons (%) in the original 
coal and residue, respectively. and a and p are constants. The specific conelations for aromatic C (Car). 
aliphatic C (Cali). and oxygen-bound carbons (Co-c) are given in Figure 6. We have quantitatively 
analyzed the NMR spectra of 26 residues from liquefaction of DECS-9 coal under various conditions with 
and without solvents (Song et al., 1993). T h e  results show that equation 1 holds for all the cases with good 
linear cornlation. 
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Figure 1. 
subbituminous coal (DECS-9). For DDMAS. Tdd = 60 p. 

CPMAS and DDMAS 13C NMR spectra of THF-exlractcd but unreacted Montana 
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Figure 2. CPMAS and DDMAS 1% NMR spectra of residue from TF'L of Montana coal in the presence 
of tetralin at a final temperaturn of 350°C for 30 min. For DDMAS. Tdd = 60 ps. 
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Figure 3. m M A S  and DDMAS '3C Nh4R spectra of residue from liquefaction of Wyodak cod 
(DECS-8. vacuumdried without anv solvent at 35OoC for 30 min. For DDMAS. Tdd = 60 us. 
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Figure 4. Conversion of Montana coal and changes in aromaticity (Arom C, 76) and No. of H aloms/100 C 
in the residues versus fmal temperature of liquefaction (TPL) in tetralin. 
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Figure 5. Change of aromaucrty and perccnlage degree of protonation of aromaiic carbons I fa(a.H) ] 
in the residues versus conversion of DECS-9 Montana Cod in TPL with letralin 
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residues from DECS-9 Montana coal with final temperature of TPL in teualin. 
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w e  have beed investigating a chSmical%u&e of Japanese bituminous Akabira 
coal by Curie-point pyrolysis GUMS coupled with CP/MAS I3C NMR and 
proposed a unit chemical structure of the coal on the basis of these results.' In that 
paper, we had pointed out more precise and quantitative evaluation of chemical 
bonds connecting aromatic rings should be clarified in order to evaluate more 
precise chemical structures of coal organic materials (COM). As for this, Stock et 
al., investigated ruthenium ion catalyzed oxidation (RICO) of coal? Ruthenium 
tetroxide is well known to have a property to attack selectively sp2 carbons of 
organic substrates: for example, in this oxidation arylalkanes and diarylalkanes 
could be converted to aliphatic monocarboxylic and dicarboxylic acids, 
respectively. One of the most critical points of this reaction is believed to be the 
difficulty in attaining quantitative analyses of lower carboxylic acids because 
they are main products, showing high volatility. Stock et al. and Strausz el al. had 
applied the isotope dilution methodz and esterification with phenacyl bromide3 
for the quantitative analysis, respectively. The former, however, needs 
preparation of deuterium-labeled carboxylic acids and the later has a slow rate of 
conversion of the carboxylic acids to their phenacyl esters. 
In this paper, we have examined quantitative determination of carboxylic acids 
resulted from RICO reaction and proposed the method to accomplish this, 
applying this for RICO reaction of Illinois #6 (American subbituminous), 
Akabira (Japanese bituminous), and Zao Zhuang (Chinese bituminous) coals. 

Experimental Section 
Reaaents. Samples, and Instruments. 
As to Illinois #6 coal, Argonne premium coal sample was used. Whole coals 
employed in this paper were pulverized under 100 mesh and dried at 100 "C in 
vacuo (5 mmHg) for IO h prior to use. Solvents were distilled according to 
conventional methods. Other reagents were commercially available and used 
without further purification. 

Procedure for RICO Reaction of Coal. 
RuCh (40 mg) and coal (1 g) were add to a 100 ml flask containing MeCN (20 
ml), CCL (20 ml), and H20 (30 ml), the mixture being stirred magnetically for I 
h. NaI04(10g) wasaddedgraduallyandtheresultingmixture wasstirredat40"C 
for 24 h. After the end of the reaction, the mixture was filtered to remove an 
inorganic residue. The filtrate was analyzed with the following two methods; (i) 
For analysis of lower carboxylic acids (C6) ,  aqueous NaOH solution (5 %, 100 
ml) and ether (100 ml) were added to the filtrate and the aqueous phase was 
separated. This aqueous solution was diluted to 1000 ml by using deionized water 
and 5 ml portion of this solution was analyzed by a DIONEX 200Oilsp ion 
chromatograph (HPICE-AS-I column). (ii) For analysis of higher carboxylic 
acids (C79, diluted hydrochloric acid (5 %, 100 ml) were added to the filtrate and 
the resulting solution was extracted with 100 ml of ether, twice. The ethereal 
solution was dried over sodium sulfate. After evaporation of ether, carboxylic 
acids produced were esterified with diazomethane and analyzed with a Shimadzu 
GC-IAPF (CBP-I capillary column, Q 0.50 mm x 25 m) and a Shimadzu QP- 
2000A GC-MS (CBP-1 capillary column, Q 0.25 mm x 25 m). 

Results and Discussion 
Problems in RICO Reaction of Coal. 
At first, we have examined availability of ion chromatography to analyze a 
mixture of lower carboxylic acids. Figure 1 shows ion chromatograms of a model 
mixture containing succinic, formic, acetic, propionic, butyric, and valeric acids 
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and RICO products of Akabira coal, this suggesting that peak separation is 
relatively good and analysis of these carboxylic acids is not disturbed by the 
presence of I- and IOx- ions contained in the reaction mixture. 
We have discussed the possible factors affecting the results of RICO reaction; (i) 
evolution of acetic acid from hydrolysis of MeCN, (ii) oxidation rafe of COM, 
and (iii) further decomposition of carboxylic acids produced with RuCls-NaIO4. 
As to the first possibility, Strausz et ol. had pointed out that EtCN should be used 
in place of MeCN for analysis of methyl groups attached to aromatic moieties.' In 
fact, treatment of mixture of MeCN, CC14, and HzO with RuC13-Nal04 at 40 "C for 
24 h was found to afford acetic acid along with small amount of formic acid. 
These results suggest that, in this solvent system, reliable yields of carboxylic 
acids having more than three carbons (propionic acid or higher) could be 
obtained, however, yield of acetic acid is unreliable because of contamination of 
the decomposition product from the solvent system. Subsequently, we decided to 
employ EtCN instead of MeCN, as Strausz et al. pointed out. Treatment of a 
mixture of EtCN, CCh, and H20 with RuCIi-NaIO4 afforded formic, acetic, 
propionic, and butyric acids, however, yield of acetic acid from EtCN was less 
than that from MeCN, this suggesting that EtCN is preferable than MeCN for 
analysis of acetic acid. 
Table 1 summarizes the results of treatment of a mixture of lower carboxylic 
acids with RuCI3-NaI04 in the two solvent systems (MeCN or EtCN with CCI4- 
H20). In the case of MeCN, 1.4 mmol excess of acetic acid was observed along 
with 0.74 mmol of formic acid. On the other hands, in  the case using EtCN, 
excess amounts of acetic acid observed reduced to 0.77 mmol. On the basis of 
these results, we employed two tertiary solvent systems; one containing EtCN for 
analysis of acetic acid from a-methyl groups and another containing MeCN for 
analysis of carboxylic acids with more than three carbons (propionic acid or 
higher). 
RICO reaction was carried out using coal model compounds in the solvent system 
containing EtCN. The reaction ofp-cresol andp-methylanisole proceeded almost 
completely, while excess acetic acids (1.1 and 0.6 mmol) were produced. These 
results suggest that evolution of acetic acid from hydrolysis of EtCN was 0.8 + 
0.2 mmol, this value showing g o d  agreement with the value in Table 1. These 
results also suggested a reactivity of oxygen containing compounds is relatively 
high. Since coal usually has these functional groups, it is supposed that the 
reactivity of coal should be high. 

H O o M e  - CH3C02H 

2.1 mmol 3.2 mmol 
1 1 )  
\ - I  M~OGM~ - CH,CO,H 

2.2 mmol 2.8 mmol 

In order to get more precise information about the conversion rate of coal under 
above reaction conditions, we have carried out the following experiments; after 
the end of RICO reaction of Akabira coal, the resulting reaction mixture was 
filtered, the filter cake being washed thoroughly with water and CH2CI2. The 
residue was found almost completely to be dissolved in water and CHzCIz, this 
suggesting that the coal was converted to soluble products almost completely. 

RICO Reaction of Three Coals. 
Illinois #6 (C 76.6 wt%, daf), Akabira (82.3 %), and Zao Zhuang coals (86.6 %) 
were employed in this study. As described in  the former section, the ion 
chromatograph was used for analysis of lower carboxylic acids (<c6) and GC and 
GC-MS were used for higher carboxylic acids (C79 after esterification with 
diazomethane. In the case of the analysis of acetic acid produced, EtCN was used 
as a co-solvent. 
Figure 2 shows gas chromatograms for RICO reaction products of Akabira coal, 
this indicating that Akabira coal has a wide range of alkyl side chains from C7 to 
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CIO. Figure 3 shows the plot of yield of whole monocarboxylic acids against 
carbon numbers. From Figure 3, i t  is clear that yields of carboxylic acids 
decreased monotonically from acetic acid to valeric acid, this suggesting that 
methyl group is dominant substituents of aromatic moieties. This is parallel with 
the findings reported so far. As to yields of lower carboxylic acids, three coals 
Showed very similar distribution of carboxylic acids, indicating aliphatic 
substitution of aromatic moieties ranging from methyl to hexyl groups are very 
Similar to each other. These results showed a good agreement with the results 
reported by Stock et a12 On the other hands, yields of higher carboxylic acids are 
different among three coals: a lower rank coal has longer alkyl side chains 
attached to aromatic moieties than those of higher rank coal. 
Since this RICO reaction has some limitations, a precise information about all 
parts of aliphatic functional groups in COM can be hardly obtained only based on 
this reaction. However, we have to evaluate this RICO reaction to be able to 
afford us very useful information about aliphatic portions of COM by the 
combination use of 'IC NMR. 
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Table 1 .  Treatment of Free Lower Carboxylic Acid with RuC13-NaI04 
in RCN-CCI,-H20 Mixed Solventa 

MeCN EtCN 
Used Observed Difference Used Observed Difference 

amount amount (mmol) amount amount (mmol) 
(mmol) (rnmoI)b (mmol) (mmol)b 

Formicacid - 0.74 4 . 7 4  - 0.083 4 . 0 8 3  
Acetic acid 1.74 3.11 +1.37 0.87 1.64 4 . 7 7  

Propionicacld 0.64 0.50 -0.14 0.68 0.92 4 . 2 4  
n-Butyric acid 0.49 0.48 -0.01 0.59 1.31 4 . 7 2  
n-Valeric acid 0.19 0.16 -0.03 0.50 0.47 -0.03 

aTreatment of carboxylic acids with RuC13 (40 mg) and NaI04 (10 g) were 
carried out in the solvent system containing RCN (20 ml), CCI, (20 ml), 
and H20 (30 ml) at 40 OC for 24 h. bDetermined by an ion chromatograph. 
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Figure 1. Ion chromatograms of model mixture of lower carboxylic acids (a) 
and the reaction products from the oxidation of Akabira coal (b) 

Figure 2. A gas chromatogram for carboxylic acid methyl esters from the oxida- 
tion reaction of Akabira coal 

F 0 5 10 15 20 25 30 35 
n (carbon number) 

Figure 3. Yields of fatty monoacids, CnH(z.+1)C02H. from 
oxidation of the coals; Illinois No. 6 (A), Akabira (a), 
and Zao Zhuang coals (0) 
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Absolute Hydrogen Determination in Coal-Derived Heavy Distillate Samples" U 
Kottenstette, D. A. Schneider and D. A. Loy, Dept. 6212 and 1812, Sandia National 
Laboratories, P.O.BOX 5800, Albuquerque, NM 87185. 

Keywords: Hydrogen Analysis, Proton NhIR, Heavy Distillate 

Introduction 

Coal liquefaction involves the use of recycle oils to mix slurry feed materials, and transfer 
hydrogen to coal as it is digested at high temperatures. Hydrogen donating abilities of recycle 
oils can be measured using Proton Nuclear Magnetic Resonance (lH-NMR) Spectroscopy [I], 
liquefaction testing [2] and dehydrogenation tests [3]. This paper will describe the absolute 
determination of total organic elemental hydrogen by 1H-NMR of small (less than one gram) 
heavy distillate samples produced for research purposes. A comparison will be made between a 
conventional combustion method and the NMR spectroscopic method. 

Organic elemental hydrogen analysis is routinely performed with an automated analyzer having a 
high temperature combustion zone that is connected to a detector which measures the response 
of the product water, This technique has its historical roots in the experiments of Lavoisier [4] 
who in the 1770's burned alcohol and other combustible organic compounds in oxygen to 
gravimetrically determine the product water and carbon dioxide. Quantitative recovery and 
measurement ofthe combustion products were demonstrated by Berzelius and Liebig in the 
early 1800's. The work of Pregl [SI at the turn of this century advanced this technique to a high 
degree with the introduction and perfection of microchemical techniques (sample sizes in the 
milligram range). With the advent of instrumental electronics, automated microanalysis 
gradually replaced the gravimetric techniques mainly because of increased analysis speed. 
Modern automated organic elemental analysis consists of combusting the sample in the presence 
of a solid oxidant and sweeping the products into a thermal conductivity or infrared detector 
[4,5]. An alternative technique for the detection of hydrogen is to react the product water with 
carbonyldiimidazole to generate a quantitative amount ofcarbon dioxide which is measured by a 
coulometric titration [6]. 

The development of Proton Nuclear Magnetic Resonance Spectroscopy has led to the 
description and qualitative classification of hydrogen in organic compounds. These techniques 
have been especially helpful in describing hydrogen as it is classified into aliphatic, aromatic and 
hydroaromatic groupings [1,2,3]. In addition, low resolution proton 'H-NMR has been 
successfully used to determine absolute amounts of hydrogen in a variety of petroleum fractions 
[7,8]. 
careful attention given to sample preparation and spectral integration. 

Our technique involves simple integration of high resolution IH-NMR spectra with 

Experimental 

Materials 

Heavy distillate samples from Run 262 at the Wilsonville Advanced Coal Liquefaction Pilot 
Plant were supplied from CONSOL inc. The samples came from the VI074 stream and had an 
approximate boiling range of 650°F to 1050°F. The samples were hydrotreated in a laboratory 
scale trickle-bed reactor at 365°C. 1,2,3,6,7,8 hexahydropyrene (H6Py) and deuterated 
chloroform (99.96%D) were purchased from Aldrich, naphthyl dibenzyl methane (NBM) was 
acquired from TCI America, acetanilide was obtained from Perkin Elmer and parafin oil was 

I C  purchased from LECO corporation. 

Procedure 

Combustion Analysis - Hydrogen amounts were determined with a Perkin Elmer model 2400 
CHN analyzer. The combustion temperature was set at 925°C and the reduction tube was set at 
640'C. Since the heavy distillate samples are viscous, the "standard" tin capsules could be used 
to contain the samples. Careful attention was paid to sample size since larger samples (>3mg) 
often lead to incomplete combustion or an "overload" condition which gives erratic hydrogen 
results. The analyzer is conditioned before sample analysis by running successive external 
standard samples until the hydrogen output stabilizes (usually one to two samples). The 
conditioning samples always show a lower than expected hydrogen value if they are preceded by 
a blank determination. External standards for the combustion technique include acetanilide, 
parafin oil, and NBM. 

I 
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Proton NMR - A Bruker AM 300 FT-NMR spectrometer was used to determine hydrogen mass 
percents. Heavy distillate samples were prepared in CDC13 at a concentration of 30.0 mg per 
1 .O mL of solvent. External standard samples f&Py) were prepared at concentrations ranging 
from 0.5 mg to 45.0 mg per 1.0 mL of solvent to generate a calibration curve. All samples were 
weighed in 20 mL sample vials; CDC13 was introduced with a syringe. Solutions were 
immediately capped, mixed thoroughly, and transferred to  5 mm Nh4R tubes with Pasteur 
pipettes. Spectra were acquired with a total time of 2.36 seconds between 20 degree RF pulses. 
At low external standard concentrations (0.5 mg-30 mg), 512 scans per sample were acquired to 
improve signal to noise ratios. It was found that the number of scans could be reduced from 512 
to 64 for distillate samples and more concentrated external samples (30 mg to 45 mg). H6Py 
standard samples of 30.0, 37.7, and 45.0 mg/mL were prepared and analyzed daily for distillate 
analyses. CDC13 acts as a de facto internal standard having a chemical shift of 7.27 ppm; the 
samples are integrated between 10.5 and 0.5 ppm. Before integrating the spectra, the baseline 
curvature is corrected using a spline-fit algorithm incorporated in the Bruker software. Area 
counts due to the CDC13 ofapproximately 0.2 are considered negligible compared to the output 
for a 30 mg H6Py standard (arbitrarily set to give 100.0 area counts). NE3M was also analyzed 
to check the accuracy of the method. 

Results and Discussion 

Previous tests in our laboratory showed that heavy distillate samples acquired less than 1 wt% 
additional hydrogen during catalytic hydrogenation even under the most favorable of conditions. 
Therefore, determining hydrogen concentration changes on the order of 0.3 to 1 .O wt% has 
become necessary. Analyses for hydrogen in our laboratory (using the CHN analyzer) have been 
deemed acceptable if the precision of the analysis was + 0.3wt%. This was not acceptable when 
trying to detect the small hydrogen increases in the hydrotreated distillates. 

Figure 1 shows a linearity plot of area (detector response) vs. absolute hydrogen content of a 
wide variety of model compounds and a known heavy distillate. The data in Figure 1 shows the 
calibration curve constrained through the origin. This curve illustrates that a one-point 
calibration (such as is commonly used in automated CHN andyses) would underestimate the 
hydrogen in samples such as acetanilide (6.71% H) and overestimate the amount of hydrogen in 
paraffin oil (13.63% H). A one point calibration becomes especially inaccurate ifthe standard 
has a hydrogen content much different than the sample to be analyzed. Since the recommended 
sample weight for the combustion analysis should fall in the narrow range between one and three 
milligrams, the difficulty in establishing a linear calibration curve is compounded. One solution 
to this dilemma is to plot the raw data against a wide range of known hydrogen standards. This 
is the method illustrated in Figure 2, in which the calibration curve is not constrained through 
the origin. This linear regression curve-fit has a correlation coefficient of 0.994 and provides a 
more reliable basis for analysis of samples within the range of the calibration curve (hydrogen 
content between 6.71% and 13.63%). 

Figure 3 shows a four point calibration curve of area vs. hydrogen content for different amounts 
of hexahydropyrene in deuterated chloroform as analyzed with the IH-NMR technique. This 
curve has excellent linearity over its range giving a linear regression correlation coefficient of 
0.9999. The 'H-NMR technique requires only one type of standard at different concentrations 
rather than multiple standards for the combustion technique. The X-axis in Figure 3 is an order 
of magnitude larger than the corresponding axis for the combustion technique since a typical 
sample weight for the 'H-Nh4R analysis is ten times larger (30 mg vs. >3 mg) than for the 
microcombustion technique. The Y-axis presents the integrated area in arbitrary units with the 
30mg /mL %Py standard assigned a value of 100.0, 

Table 1 shows the analytical results and uncertainties for a series of heavy distillate samples and 
model compounds typically used in coal liquefaction research. Hydrogen concentration is 
presented as the average of four runs for the combustion analyses and the average of three 
determinations for the 'H-NMR analyses. The theoretical hydrogen content is shown for the two 
model compounds, H6W (CI6Hl6) and NBM (C22Hz5). The distillate samples were taken at 
different times "on-stream'' with the highest hydrogen content being for the sample taken after 
one hour when the catalyst was the freshest. Hydrogen content decreases with time on-stream 
until at ten hours the reaction temperature was raised by 10°C to increase the rate of 
hydrogenation. Indeed this sample showed a slight increase of O.lwt% hydrogen. In general the 
absolute hydrogen analyses for the two methods are remarkably close with the largest difference 
between the averages being no more than 0.16%. The standard deviations are larger for the 'H- 
NMR determinations in general with the exception of the b P y  sample which gave a very low 
(0.05%) standard deviation. Figure 4 is a panty plot comparing the results from the two 
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techniques. Again the correlation coefficient from a linear regression gave a good linear fit, thus 
the two techniques compare well, at least in the range of hydrogen concentrations studied. 

Figure 5 shows an analysis of hydrogen distribution according to three broad categories. Alkyl 
protons are defined as alkyl a, alkyl p, and gamma having IH-NMR chemical shifts of 2.5-2.0, 
1.4-1.0, and 1 .O-0.5 ppm respectively. Condensed aromatic and uncondensed aromatic 
hydrocarbons have chemical shifts of 10.5-7.15 and 7.15-4.7 ppm, respectively. Hydroaromatic 
hydrogens are defined as cyclic a and cyclic p protons with proton shifts of 4.7-2.5 and 2.0-1.4 
ppm respectively. Results in Figure 5 illustrate the additional benefit of the 'H-NMR technique. 
The 'H-NMR spectrum can quantitatively analyze the hydrogen species in a heavy distillate 
sample (not possible with combustion elemental analyses). These proton distributions can then 
be used to evaluate the quality of a liquid (in our case for hydrogen donation purposes). 

Conclusion 0 

Elemental hydrogen determinations giving sample repeatability of less than 0.1 wt% at the 
IO wt% level have not been demonstrated with either the combustion or the 'H-NMR technique. 
However, excellent correlation has been achieved between the combustion method and the 'H- 
NMR method, giving results for model compounds which are quite good (see Table 1). A 
refinement of the combustion analysis has been shown by improving the calibration procedure 
from the typically used single point calibration. Small differences in hydrogen content were 
noted for a series of hydrotreated heavy distillate samples. In addition the absolute 
determination of hydrogen by IH-NMR can also yield information about the relative amounts of 
aromatic, alkyl and hydroaromatic protons. The 'H-NMR technique can also be applied to 
evaluate absolute hydrogen content when a rapid combustion technique is not immediately 
available. 
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Figure 2. Calibration Curve for Combustion Elemental Hydrogen Analysis 
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Table 1. Comparison of Combustion and NMR Hydrogen Data for Flow 
Reactor Product (Heavy Distillate) 
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ABSTRACT 

We have employed normal-phase HPLC with photo diode array detector and GC-MS techniques to 
characterize the oils (hexane soluble fraction) from the catalytic and non-catalytic liquefaction of 
Wyodak subbituminous coal at 400 "C under 6.9 MPa H2 pressure. The use of a dispersed Mo catalyst 
afforded much higher oil yield than the non-catalytic run. HPLC reveals that the oils from the 
catalytic runs contain more phenolic compounds and more of heavier components as compared to the 
oils from non-catalytic run. On the other hand, GC-MS shows that there is a significant amount of 
long-chain alkanes in the oils, ranging from C11 to C35. The analytical results from the two techniques 
appear to be complementary to each other. The oils contain some heavier components which are 
detectable by HPLC but undetectable by GC-MS. GC-MS of HPLC fractions of the oils from the 
catalytic run confirmed the presence of significant amount of phenols and indanols. 

INTRODUCTION 

Catalytic coal liquefaction is a potential route to alternate liquid transponation fuels and aromatic 
chemicals (Song and Schoben, 1993). However, the characteristics of the liquefaction products must 
be clarified before effective implementation. Cenain coal-derived aromatic compounds can be used 
to make high-value chemicals through shape-selective catalysis (Song and Kirby, 1993. 1994; Song 
and Moffatt. 1993. 1994; Schmidt and Song, 1994). The non-fucl use of coal liquids could improve 
the economics of liquefaction significantly. although the majority of the coal liquids may be used for 
transponation fuels (Song and Schoben. 1993; Derbyshire et al., 1994). 

The present work aims at clarifying the compositional characteristics and molecular components of 
oils from catalytic liquefaction of Wyodak subbituminous coal using a dispersed Mo catalyst. This 
paper reports on the oil analysis using normal-phase high-performance liquid chromatography 
(HPLC) with photo diode array (PDA) detector which allows continuous two-dimensional scanning 
analysis of HPLC elutes over UV wavelength range. 

While reversed-phase HF'LC is popular for analysis of a variety of samples that are soluble in water or 
polar organic solvents (F'oole & Poole, 1991; Wise et al., 1993), normal-phase HPLC can be used for 
analyzing components dissolved in non-polar organic mixtures (Snyder et al.. 1988). Reversed-phase 
HPLC is characterized by strong interactions between the polar mobile phase and various sample 
molecules. However, coal-derived oils are not soluble in the common solvent systems (such as water- 
acetonitrile) for reversed-phase HPLC. In normal-phase HPLC. sample-adsorbent (stationary phase) 
or solvent-adsorbent interactions are strong but sample-solvent interactions are relatively weak. 
Neutral organic solvent (hexane) and weakly polar solvent (methylene chloride) can bc used for 
normal-phase HF'LC. which are also good solvents for coal-derived oils. Some bonded-phase HPLC 
columns for normal-phase HPLC have become commercially available recently. The conventional 
monochromatic UV detector has limited the amount of information that can be extracted from HPLC. 
since one panicular wavelength may not be suitable for analyzing all the compounds in the complex 
mixtures (Snyder et al., 1988; Feker et al., 1993). PDA detector represent a recent development in 
the HPLC detection system. which allows sample analysis over UV range. Recently PDA has been 
demonstrated to be very useful in the analysis of PAHs in heavy liquids either by reversed-phase (Liu 
et al., 1992) or normal-phase HPLC (Clifford et al. 1994). 

2 

EXPERIMENTAL 

Reagents and Materials. All the oils were derived from liquefaction of Wyodak subbituminous 

DOWPenn State Sample Bank. Ammonium tetrathiomolybdate (ATTM) was dispersed as a catalyst 
precursor on to coal (1 wt% Mo on dmmf basis) by incipient wetness impregnation from its aqueous 
solution. A7TM is expected to generate molybdenum sulfide panicles on coal surface upon thermal 
decomposition at 2 325 "C (Artok et al.. 1993). The impregnated or the raw coal samples were dried 
in a vacuum oven at I00 "C for 2 h before use. The liquefaction was carried out in 25 mL tubing 
bomb reactors at 4WoC for 30 min (plus 3 min heat up) under an initial H2 pressure of 6.9 MPa. The 

found elsewhere (Song et al.. 1993). 

Various reagents were used as standards for confirmation of identification of HPLC and GC-MS 
peaks. The following reagents were purchased from Aldrich: phenol (99+%). 1.2,3,4-tetrahydro- 1- I 

naphthol (97%). tetralin (99%), I-methylnaph$alene (98%), 9.10-dihydrophenanthrene (94%). and 
1 -naphthol (99+%). Sixteen polycyclic aromatic hydrocarbons were purchased from Supelco as a 
mixture defined as EPA Mixture 610. This mixture contains the following components: naphthalene. 

coal, which is one of the US.  Department of Energy Coal Samples (DECS-8) maintained in the \. . 

oils are hexane-soluble fraction of liquefaction products. Detailed results of liquefaction may be :i< 
\ 
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acenaphthylene. acenaphthene, fluorene. phenanthrene. anthracene. fluoranthrene. pyrene. 
benzO(a)fluoranthene, chryscne. benzo(b)fluoranthene. benzo(k)fluoranthene. benzo(a)pyrene, 
dibenzo(a,h)anthracene, bcnzo(g,h.i)perylene. and indcno(l.2.3,c.d)pyrene. 

High Performance Liquid Chromatography (HPLC). The Waters HPLC system consists of U6K 
Universal Injector, W E  Powerline Multi-Solvent Delivery Module. and 991 Photodiode Array (PDA) 
Detector. The 600 Powerline Module xwcs as a system controller for setting up all Solvent gradient 
conditions, injection and detection parameters and wavelength ranges. The PDA dtector is capable of 
continuous monitoring and acqusition of all UV/VIS wavelengths from 190 to 800 nm. Through the 
use of computer. the 991 PDA operates exclusively with Millenium 2010 Chromatography Manager 
Software system, which allows fully automated data acquisition. processing, and reponing as well as 3- 
D graphics. Thc moIution of the PDA dcieciion is 4.7 nm. 

The Column used for HPLC was a Hypersil PAH-2 purchased from Keystone Scientific. Inc.. which is 
a cOmmercially avarlablc column (150 x 4.6 mm id.) made by Shandon Scientific, Inc.. U.K. The 
Hypersil PAH-2 has been developed using tetrachlorophthalimidopropyl bonded silica. This type of 
column can be used for analyzing the polyaromatic compounds dissolved in organic mixtures such as 
crude oils and coal liquids. Classical n-alkyl bonded phases are not suitable for analyzing such non- 
polar mixtures. 

For HPLC analysis. the oils were diluted in 50%-50% hexane-methylene chloride solution 
(approximate concentration: I mg/mL) and filtered through 0.2 pn membrane filter (Supeco Iso- 
Disc P-32) attached to a synnge. This assures that the solution lo be analyzed is free of suspcded 
micron-sized panicles. For each HPLC analysis. about 10-20 pL of a Samplc solution was injected 
and the solvent elution was controlled by the gradient program. a.. shown in Table I .  Gradient elution 
was used: hold at 100% n-hexane for 20 min. from 100% hexane to 50% hexane-SO% methylene 
chloride between 20 to 80 min. and to 100% methylene chlonde bctwcen 80 to 100 rnin. followed by 
a 20 min hold at 100% methylene chloride. The flow rate of the mobile phase was 0.8 mL/min. The 
data acquisition of all the oils and standards were made in the UV wavelength range of 200 to 400 nm 
at the rate of 30 scanshninute. All the HPLC analyses were conducted at ambient temperature. HPLC 
fractions were collected for some representative samplcs and analyzed by GC-MS. 

Gas Chromatography-Mass Spectrometry (GC-MS). The HPLC fractions of oil were analyxd 
on a HP 589011 GC coupled with an HP 5971A Mass Selective Detector (MSD). The c h m n  used for 
capillary GC was J&W DB-5 column: 30 m x 0.25 m m  i.d. fused silica capillary column coatcd with 
5 %  phenyl-95%methyl polysiloxane with a 0.25 mm film thickness. More analytical details may be 
found elsewhere (Song et al., 1994). In a typical GC-MS run. about I uL uf [lie diluted methylaic 
chloride solution of the wmple was injected through the splil/splitless injector in the splitless mode, 
with a 5 min delay of ionization to cut off the solvent. The GC oven in GC-MS was temperature- 
programmed as follows: 5 min isothermal holding at 4OOC. subsequent heat-up to 28WC at 4'C/min. 
followed by isothermal holding at 2 8 0 T  for 30 min. 

KESULIS ANU DISCUSSION 

HPLC of Oils 
Figures I and 2 show the 3-dimensional HPLC plots for oils from non-catalytic and catalytic runs, 
respectively, where the signal intensity (2 axis) is plotted against the UV wavelength (X. 247-390 nm) 
and retention time (Y). The use of a dispersed molybdenum sulfide catalyst increased oil yield from 
10 to 46 wt% (based on dmmf coal). Apparently. the dispersed catalyst not only improved coal 
conversion. but also altered the compositional features of oils, as can be Seen from the 3-D HPLC 
plots. The 3-D plots indicate that oils from the catalytic mn contain more components that have 
either larger aromatic ring-size or arc more polar. as compared to the non-catalytic runs. 

To assist in h e  peak assignments. we performed HPLC analysis of two standard mixtures. Figure 3 
shows 3-D plot for a standard containing 16 PAHs. The UV spectra of some peaks eluted before 20  
min in the PAH mixture are in the similar wavelength range as those peaks in the real sample of oil 
from catalytic Coal liquefaction. However. it becomes clear that the liitense peaks in the 30-65 min 
range in the oil from cadytic runs (Figure 2) are not due to condensed PAHs (Figure 3). Figure 4 
shows a maxiplot (miximum UV absorbance cormsponding lo each retention time unit) for the PAH 
standard mixture. in which the peaks were identified based on the information from the column 
supplier (Keystone Scientific, 1994). 

As oxygen compounds are also possible products. we also analyzed the HPLC profiles of .several pure 
polar compounds. F i y r e  5 gives a maxiplot for the phenolic mixture containing phenol, I-naphthol. 
1,2,3.4-letrahydm-I-naphthol. and 1 -indanol as well as aromatic hydrocarbons including tetralin. I - 
methyhaphthalene. and 9.10-dihydrophenanthrene. The resulis wilh phenolic standards are very 
useful in understanding the differences between oils from non-catalyIic and catalytic runs. Some 
major peaks around 60 min in thc 3D-plot in Figure 2 have UV spectra similar to those of phenolic 
compounds. 

The sample retention in normal-phase HPLC is governed by adsorption to the stationary phase. As 
PAHs arc electron-donors, the chemically bonded electron.acceptor stationary phase (PAH-2 phase) 
allows the selective retenlion of PAIls in non-polar mobile phases. I t  is interesting to note that all the 
phenolic compounds interact so strongly with the letrachlorophthalimidopropyl bonded-phase that 
their retention times (Figure 5 )  are longer than those of all the 16 PAHs (Figure 4). These resulls 
also indicate that. for HPLC analysis using PAH-2 column. one should be very careful in determing 
the ring size of aromatic compounds solely based on normal-phase HPLC. The most illustrative 
example is that the retention time of phenol. a single-ring compound, is even longer than that of a six- 
ring PAH. indeno(l.2.3.c,d)pyrene. 

The HPLC results seem 10 imply that. as compared to the oils from non-catalytic run (Figure I ) ,  the 
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oils from the catalytic runs (Figure 2) contain more phenolic compounds and more of heavier 
components. At first glance, these HPLC results are surprizing, as a good catalyst was used in the 
liquefaction. The present HPLC results. however, are in agreement with our earlier work on GPC. We 
have analyzed the molecular size distribution of coal-derived oils using HPLC operating in the GPC 
mode with polystyrene gel column (Song et al., 1988, 1989). The GPC results suggested that the oils 
from catalytic runs have more components with larger molecular sizes. 

GC-MS of HPLC Fractions 
To clarify the molecular components and to identify the HPLC peaks, we have collected eleven HPLC 
fractions of the oils derived from catalytic liquefaction. Figure 6 shows the maxplot together with the 
number and retention time ranges of individual HPLC fractions. We have analyzed all the HPLC 
fractions using GC-MS. The results are summarized below. 

GC-MS shows that all the HPLC peaks and fractions represent a mixture rather than a single 
component. Fraction 1 (2-3.5 min) is a co-elute of monoaromatic compounds with long-chain 
alkanes, ranging from C11 lo C35. The aromatic compounds include alkylbenzenes, indanes, and 
tetralins. The HPLC peak intensity for this fraction does not include long-chain alkanes. Fraction 2 
(3.5-6.0 min) consists of naphthalene, methylnaphthalene, and alkylbiphenyls (or acenaphthenes). 
Fraction 3 (6-8.0 min) corresponds to a small peak in the HPLC and contains C2-naphthalenes and 
other two-ring compounds. In Fraction 4 (8-10.5 min) we detected phenanthrene and a Cq-alkyl- 
substituted phenanthrene. Fraction 5 (10-1 3.5) contains many three-ring compounds, phenanthrene 
and its derivatives. Fraction 6 (14-18 min) seems to give a very noisy GC-MS total ion chromatogram 
(TIC): but some compounds in this fraction are three-ring compounds. Fraction 7 (14-18 min) 
contains four-ring compounds including fluoranthene (m/z: 202) and pyrene (m/z: 202). Fraction 8 
(21-30 min) contains several peaks with same molecular ion of mlz 216. and are probably 
methylfluoranthene and methylpyrene. 

We detected significant amount of phenolic compounds in the fractions between HF'LC retention time 
of 30 to 60 min. Begining with fraction 9 (30-38 min). phenols and indanols were observed. Fraction 
IO (38-45 min) contains mainly C1-, C2-. C3- and Cq-phenols. Fraction 11 (50-60 min) is the 
dominant phenolic fraction. It contains phenol, CI-. C2-. Cg-phenols and indanol, C1- and C2- 
indanols. These GC-MS results in combination with HPLC results clearly revealed that the oils from 
catalytic liquefaction of Wyodak subbituminous coal using a dispersed molybdenum sulfide catalyst 
contain mo& phenolic compounds (30-65 min range in HPLC) and more heavier components (70- 
1 IO min range in HPLC). as compared to oils from the non-catalytic run at 4 W C  for 30 min under 
6.9 MPa H2. The HPLC retention times for peaks with this sample are not exactly the same to those 
for the PAN and phenolic standards (due to some difference in instrumental conditions). 

In addition, the fact that a catalytic run gives more phenolic compounds also provides funher 
evidence that the initial reaction involves the cleavage of 0 -C  bonds in coal. The stabilization of the 
radicals from these bond cleavages by hydrogen transfer can produce phenolic compounds, otherwise 
these highly reactive radicals would seek self-stabilization through retrogressive cross-linking 
reactions. The use of a dispersed Mo catalyst facilitates the transfer of hydrogen to radicals. 

It should be mentioned that Clifford et al. (1994) analyzed several coal liquefaction process streams 
(oils) by normal-phase HPLC. They detected many polyaromatic compounds but did not observe 
oxygen compounds in their samples. 
products. because they were derived from two-stage catalytic liquefaction of coals in WilsonviUe pilot 
plant and HRI pilot plant. The present samples, however. were derived from primary (one-stage) 
liquefaction of Wyodak subbituminous coal under mild conditions (4GO0C, 30 min). 
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Figure 1. 3-D HpLC plot of oils from non-catalytic liquefaction of Wyodak subbituminous Coal. 
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Figure 2. 3-D HPLC plot of oils from catalytic liquefaction of Wyodak subbituminous coal. 

I 

1 0 . 6 0  

./” 

Retent ion Time (min)  

Figure 3. 3-D HPLC plot of a mixture of 16 polynuclear aromatic hydrocarbons (PAHs) 
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INTRODUCTION 
Diphenylalkanes have been extensively used as model substrates to probe the free 
radical mechanisms involved in C-C bond cleavage reactions during coal 
liquefaction (1). However, the fact that the macromolecular structure in coals is 
undoubtedly subject to highly resbicted motion suggests intuitively that free 
radical pathways are likely to be somewhat different from those encountered in  
the vapour phase. Indeed, this has been confirmed by the use of silica- 
immobilised substrates where bimolecular reaction steps are significantly 
perturbed for diphenylalkanes compared to the corresponding vapour phase 
reactions (2-5).  For pyrolysis studies, these model substrates have the inherent 
advantage that they do not soften and so remain in the reactor. Thus, 
immobilised substrates have considerable potential for modeling coal pyrolysis 
phenomena, particularly the effects of high hydrogen pressures (hydropyrolysis). 
Indeed, for immobilised benzene, the SO-C bond linking the substrate to the 
surface is reasonably stable and does not cleave until above 500.C (peak 
maximum at 550.C) with 150 bar hydrogen pressure (6). For immobilised 
diphenylmethane (DPM), it was demonstrated previously that the use of 150 bar 
hydrogen pressure and a sulphided Mo catalyst both reduced the peak evolution 
temperatures for benzene and toluene clearly demonstrating their separate 
contributions to promoting C-C bond cleavage (6). 

An alternative class of materials to immobilised substrates that should prove 
equally as suitable for modeling pyrolysis phenomena are cured phenol- 
formaldehyde resins. These offer the option of incorporating a wide variety of 
hydrocarbon and heteroatomic moieties into the basic phenolic macromolecular 
structure. A series of co-resites were recently prepared from phenol and, as the 
second component, a series of sulphur-containing precursors, namely 2-hydroxy 
di benzothiophene, p-hydrox ydiphenylsulphide, 4-hydroxyphenylbenzylsulphide 
and Chydroxythioanisole (7). These precursors have also been used previously 
for the preparation of silica-immobilised substrates (8) which, together with the 
resites have been used as calibrants in temperature programmed reduction (7-9). 
To investigate the hydrocracking of diphenylalkane linkages in the solid state with 
the additional aim of elucidating how the nature of a particular substrate might 
influence the reaction pathways, hydropyrolysis experiments with on-line mass 
spectrometric analysis have been conducted on silica-immobilised substrates, 
phenolic resites and a polystyrene-divinylbenzene network using hydrogen 
pressures of 5 and 150 bar. 

EXPERIMENTAL 

using the procedure described by Bar and Aizenshtat (10) which was used 
previously for the sulphur-containing resites (7). A total phenol to formaldehyde 
mole ratio of 1:2.5 was used with sodium hydroxide as catalyst for the 
condensation reaction, a mole ratio of 0.1 with respect to phenol being employed. 
The mole ratio of phenol to the monohydroxydiphenylalkanes (diphenylethane 
and propane) was 3:l to ensure that a reasonably high degree of crosslinking was 
achieved in the initial resoles. DSC indicated that co-resoles prepared with a 
mole ratio of only 1:l melted to a considerable extent in  the temperature range, 

The diphenylmethane co-resites were prepared 
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250-28W. The co-resites were cured in an oven purged with nitrogen gas at a 
temperature of 2WC.  Solid state 13C NMR was used to monitor the conversion 
of the ether/alcohol functional groups to methylene bridges during curing. Cross 
polarisatiodmagic-angle spinning (CPIMAS) spectra were obtained using a 
Bruker MSLlOO instrument operating at 25 MHz for carbon. 

The silica-immobilised samples were prepared from the appropriate phenol as 
previously described (2-5). The loadings of the diphenylmethane (DPM) and 
diphenylethane (DPE) substrates investigated here are summarised below. These 
were determined by hydrolysing the substrates with base and conducting GC 
analysis of the resultant phenols which were silylated. 

Loading, m o l  g-1 
Diphenylmethane, nonnal 0.45 
Dideuterated diphenylmethane (PhCD2Ph) 0.3 1 
Co-attached diphenylmethaneltetralin 0.28/0. I8 
Diphenylethane 0.60 

The polystyrene-divinylbenzene (PS-DVB) sample used, XAD-4 is commercially 
avahble. 

Hvdropgolvsis-MS Details on the high pressure system have been reported 
previously (7,8JI). Hydrogen pressures of 5 and 150 bar were used with a heating 
rate of 5"C/min over the range 100-600°C. Typically, between 0.2 and 0.3 g of 
the resi te (particle size range of cu 0.1-1 .O mm) was mixed with 2-3 g sand. The 
volatile species evolved were detected on-line using a quadrupole mass 
spectrometer (VG Sensorlab, 0-300 a.m.u). 

RESULTS AND DISCUSSION 
- Cl-linkaees Figure 1 shows the evolution of benzene, toluene and cresol at 150 
bar pressure from a normal phenol resite not contaimng a second constituent. 
The benzene evolving at high temperature (TMH of 550.C) is considered to arise 
mainly from the hydrodeoxygenation of phenol, cresols and xylenols. The cresol 
profile and, to a lesser extent, that for mlz 91 (this probably comprises fragment 
ions of 108) contain peaks at ca 55o.C which are attributed to the primary 
cleavage of the methylene bridges. Figure 2 compares the benzene evolution 
profiles at 150 bar pressure from the immobilised DPM substrates. As found 
previously (6), the profiles can be resolved into two broad components. The 
higher temperature one (530-60043 is consistent with that anticipated for 
cleavage of the SiO-C bond in surface-immobilised benzene. Toluene is similarly 
formed following the prior hydrogenolysis of the C-C Linkages in 
diphenylmethane according to the reaction scheme: 

-SiOPhCHZPh + 2H2 -------> SiOPhH + PhCH3 + -SiOPhCH3 + PhH 

The TMAX of 480-5000C of the lower component at is very similar to that for the 
resite suggesting that the additional free radical chemishy that occurs in the resite 
does not significantly promote the cleavage of the methylene bridges at high 
hydrogen pressure. 

The similar intensities of the m/z 78 and 79 intensities indicates that, as 
anticipated, extensive scrambling of the methylene deuteriums has occurred. The 
co-attachment of tetralin had little effect on the benzene and toluene evolution 
profiles both at low and high pressure (Figure 2). The greater m/z 78 intensity 
observed for the co-attached DPM is probably attributable to the likely 

indicating that hydrogen transfer had not occurred to a significant extent. 

CAnkaees Figures 3 and 4 show the benzene and toluene profiles from the 

evolution profiles for the immobilised DPE and DPE-containing resite at 150 
bar. Given that the relative response factor of benzene to toluene is cu 3.1, the 
toluene concentration is much the higher at low pressure. This is consistent with 

k? 

I\ 

\I 

conmbutions from teualin breakdown products. No naphthalene was detected L 

immobilised DPE at low and high pressure and Figure 4 compares the toluene \ 
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all the low pressure isothermal work on DPE (both free and immobilised) (1.2) 
where there is little evidence of cleaving the aryl-C bonds. ,At  high pressure, this 
1s c l e q  no longer the case with benzene concentration being considerably higher 
(ca 30% of that for toluene, Figures 3 and 4). Increasing the hydrogen pressure 
has also given rise to a slightly lower T M ~  for benzene and toluene (430 cf 
4 5 m )  and, as for DPM, resulted in much more benzene evolving above 5 0 W  
indicating the role of hydrogen pressure in circumventing char-forming reaction 
pathways. 

By comparison with Figure 2, the contribution below 480.C in the profile for the 
resite can be ascribed to cleavage of the DPE linkage. Although the high 
temperature conuibutions from the remainder of the resite dominate the trace, 
the low temperature region matches fairly closely that for the immobilised DPE 
with an initial TMM occurring at cu 430.C. 
CAinkagB Figure 5 shows the virtually identical toluene and ethyl benzene 
evolution profiles from the PS-DVB at 5 and 150 bar pressure.. The 
concentration of styrene evolving a low pressure was comparable to that of 
ethylbenzene. At low pressure, a sharp TMAX occurs at 4500C with smaller 
amounts of toluene and ethylbenzene evolving at higher temperatures from 
secondary reactions. At high pressure, the evolution profiles are considerably 
broader. The volatiles begin to evolve at 3200C but the broad peak in the 
temperature range is the supersition of more than one distinct reaction pathway. 
Further, much greater quantities evolve above 47QC which again is indicative the 
role of hydrogen pressure in circumventing char-forming reaction pathways. 

Figure 6 compares the evolution profile of toluene form the PS-DVB and DPP- 
containing resite. The traces are very similar indicating again that, with high 
hydrogen pressures, the primary scission of the C-C bonds in diphenylalkanes is 
fairly independent of the nature of the substrate. 

CONCLUSIONS 
The results have indicated increasing the hydrogen pressure reduces the extent of 
retrogressive chemistry for all the model substrates investigated. The primary 
pyrolytic event at high hydrogen pressure, as characterised by the evolution of 
benzene, toluene and ethylbenzene/styrene, occurs at virtually the same 
temperature for a given alkane linkage in the different substrates used. The Cz 
and C3 linkages investigated are cleaved at cu 50-1oooC lower than their C1 
counterparts. The pyrolysis of immobilised diphenylmethane appears to be 
largely unaffected by the co-attachment of tetralin. 
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Figure 1. Hydropyrolysis evolution profiles of benzene, toluene and cresol 
from the normal phenolic resite under 150 bar H2 
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Figure 2. Evolution profiles of benzene from silica-immobilised di-deuterated 
diphenylmethane and silica-immobilised di-deuterated 
diphenylmethane with co-attached tetralin under 150 bar H2 
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Figure 3. Hydropyrolysis-m.s. profiles of silica-immobilised diphenylethane 
under 5 and 150 bar H2 
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Figure 4. Toluene evolution profiles from the diphenylethane phenolic resite 
and the silica-immobilised diphenylethane under 150 bar H2 
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Figure 5.  Evolution profiles of toluene and ethylbenzene from the PS-DVB 
under 5 and 150 bar H2 
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Figure 6. A comparison of the toluene evolution profiles from the PS-DVB 
and the diphenylpropane phenolic resite under 150 bar H2 c 
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INTRODUCTION 
Research continues into coal utilisation by means which involve chemical reactions, 
particularly for the production of liquid products. Most of the new processes are based on 
hydroliquefaction, and for assessment of the suitability of particular coals for this purpose it is 
desirable to have detailed knowledge of their chemical constitution and reactivity. In respect 
of the use of coals as chemical feedstocks, as in hydroliquefaction, new classification systems 
might be desirable based on chemical parameters rather than on carbonisation properties as at 
present, and here the various functional groups attached .to the coal hydrocarbon skeleton 
would be of great importance. 

Functional groups in coals deiive from the 'heteroatoms' 0, N and S, and of these oxygen is 
by far the most important, varying regularly with coal rank between about 1 and 15% in 
British coals. Although -COOH and -CH3 groups occur in coals of very low rank, oxygen in 
British coals is distributed between hydroxyl, carbonyl and ether-type groups. The hydroxyl 
groups, which certainly include phenolic groups, are the most imporant, and probably provide 
active reaction sites during hydroliquefaction. 

Hydroxyl groups may he detected with reasonable certainty by spectroscopic methods, and 
can be measured by conversion into derivatives, e.g. by acetylation. Subsequent steps such as 
hydrolysis, distillation and titration of the movered acetic acid afford data on -OH content. 
All such methods are based on heterogeneous reaction processes and there may he residual 
doubt as to whether the reactions have progressed to equilibrium. Indeed, a method dependent 
scatter of results is seen in the literature. 

The ability of microwave heating to greatly accelerate chemical reactions is now well 
established.' The reaction mixture is typically contained in a microwave transparent Teflon 
bomb and the rate acceleration is achieved vi0 an Arrhenius effect due to the superheating of 
the solvent. For this to be possible, i t  is necessary that the solvent is polar since non-polar 
materials will not interact with the microwave field. Following testing of a wide range of 
polar solvents we have found that acetonitiile is the best choice. This is because it superheats 
rapidly and extracts the minimum amount of the more labile components of coal under the 
experimental conditions employed. GUMS analysis of the limited amount of material 
extracted reveals that oxygen containing materials constitute a negligible quantity of the 
extract. When the appropriate reagcncs are sufficiently soluble in acetonitrile, mixcd solvents 
may be used as long as one is a microwave "receptor" e.g. acetonitrileholuene. For polar 
reagents, e.g. transition metal salts, water is veiy appropriate. Of particular interest is that the 
method i s  excellent for the acceleration of a range of heterogeneous reactions.2 In this 
presentation we outline the applications of microwave heating for driving coal -OH 
derivitisation reactions. We point out both advantages and drawbacks of the method. 

Methodolagy 
A known weight (0.5 - 1.0 g) of coal (90< 212> mm) is mixed with reagents (total liquid 
volume 510 cm3) in a Teflon bomb. The Teflon bomb is placed in the microwave oven (even 
a domestic model may he used) and subjected to bursts of microwave energy until i t  is judged, 
usually on the basis of mIR, that the reaction has reached equilibrium. The time rcquired 
proves to he a function of the coal used, the reagents, and the solvent. Thcse observations 
may be understood in terms of variation of porosity of the coal, differing steric demands of the 
reagents, and differing degrces of superheating of the polar solvents. 

Acetylation 
Acetylation3 can he achieved in two ways: ( a )  With ketene, CHz=CO, a small highly 
reactive gas molecule which can move easily, pcnetrate the porous coal structure and thus 
give the maximum probability of complete rcaction with coal -OH groups, but the substance 
is very toxic and long reaction times aiE required due to loss or reagent via ketene polymers 
formed on the coal preventing further reaction with hydroxyl groups. Therefore after every 
ten hours reaction, the ketene polymers should rcinovcd hy extraclioii with toluene then, after 
drying and weighing the coal, this procedure coiitiiiucs unt i l  a constant acetyl content is  
obtained. fb) With reagents such as acetic aiiliytlritlclpyridinc, acetic anhydridekonc. 
HzS04; acetic anhydridd(CF3CO)~O CH~COi)l-IICI~~CC)OI~I. Blom ef (11.4 have pointed 
out that acetylation of coal proceeds slowly due IO steric hindrance of the -OH groups, thus 
long reaction times arc needed for reproducible daki to bc, uh1;iincd. Likewise the hydrolysis 
step may nced several days refluxing with barium hytlroxidc prior to distillation and titration 
of the acetic acid. It has been shown that3 microwavo hc;iting certainly accelerates both the 
acetylation using the conventional rcagcnts and hydrolysis reactions, and that greater 
conversions are achicved than by using the same rciigcnts iii prolonged reactions on the bench 
top. For example, seven days hydrolysis on the bciicli top prt~tluccs barium silicate, which has 
been lhrmed Crom ctchine the elass with weak l i x i u i i i  Iirdroxide, as an undesirable side 
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product, but such problems aic totally avoided in the microwave method. Thus not only is 
the microwave method more reliable in driving the reactions to equilibrium but the saving in 
time can also avoid unwanted reactions which are a function of the very long reaction times 
associated with conventional procedures. 

Even if microwave heating is used to accelerate the derivitisation and hydrolysis stages, the 
acetylation process is a multi-step procedure. We have developed a method based on 
silylation which is a "one pot" process since the silylated coal is analysed directly by 
quantitative 2% MASNMR methods. A range of silylation reagents is available but not dl 
are equally effective for use in the microwave method. For studies of coals, N- 
(trimethylsilyl)imidazole was the preferred reagent when used in acetonitrile solution. Even 
with this reagent a side reaction with more tenaciously held moisture occurred 10 give 
MegSiOH but fortunately the presence of this material did not interfere with the analysis. A 
wider range of reagents could be used for the silylation of simple substituted phenols, "model 
compounds", although a 1 : I :  1 mixture of N.0-bis(trimethy1silyl)acetamide. N- 
(trimethylsi1yl)imidazole. and trimethylchlorosilane was optimal under conditions of 
microwave heating. 

Remarkable acceleration of reactions was achieved c.g. from 24 hours (bench) to 35 minutes 
(microwave) for Creswell coal, and the ultimate -OH analytical data were in excellent 
(Creswell) or satisfactory (e.g. Cortonwood) agreement with the definitive ketene data5 
(Table la  and lb). 

The analytical method for silicon requires knowledge of the spin lattice relaxation times Ti of 
silylated coals (-8s) and of appropriate standard compounds (-25s). The method requires a 
puke delay of 5T1 (maximum) seconds between pulses, thus the accumulation time for 
quantitative spectra with good signal to noise ratios may be considerable. However, despite 
this, the time taken from commencement of analysis to result may truly be described as 

Stannvlation 
Tri-n-butyltin is a much more sterically demanding reagent chan is MegSi-. It is not surprising 
therefore that even under microwave acceleration, stannylation of 2,6-di-t-butylphenol does 
not occur. whereas. by contrast, reaction with 2.6-dimethylphenol occurs readily. The less 
sterically demanding (smaller cone angle) Me3Sn- group will react with more hindered 
phenols e.g. 2,6-diphenylphenol; the product, 2.6-Ph2CgH40SnMeg. having been confirmed. 
by single crystal X-ray crystallography. 

The usc of the triorganotin chlorides, R3SnCI (R=Me, n-Bu) was not effective for coal since 
microwave accelerated loss of reagent via side reactions, and loss due to volatility, occurred. 
More effective was the use of the oxides (RgSn0)20. The point illustrated is that microwave 
heating may accelerate both analytically desirable and undesirable reactions. 

To date a range of coals and coal maccrals has been successfully stannylated using TBTO (Le. 
bis-tri-n-butyltin oxide) in conjunction with acetonitrile, usually mixed with toluene, in 
microwave driven experiments. Quantitative methods of analysis based on 11?%i MASNMR 
are under development and it is hoped that the more sterically demanding n-BulSn- will show 
a lower apparent -OH content for a given coal than that determined with MegSi-, thus 
enabling the proportion of more hindered -OH groups to be established. 

To date preliminary qualitative 119Sn MASNMR data indicate chemical shifts similar to those 
observed for 2,6-di-substitutcd-stannylated phenols in which the 2,6-substituents are of small 
steric demand. Thus it does appear possible that the density of -OH sites of differing degrees 
of steric hindrance might be mapped out by treatment of thc same coal with a range of 
reagents of differing steric demand. 

S S  

rapid" in comparison with other methods. 

Phosohory lation 
Both 29Si (4.71%) and I19Sn (8.45%) are of relatively low natural abundance thus the 
development of quantitative MASNMR methods to include phosphonrs is attractive given the /.', 
100% abundance of 31P and its excellence as an NMR probe? In the event the microwave 
acceleration of phosphorylation reactions with phosphorus(II1) reagents, e.g. P(OEt)ZCI, 
produced complex mixtures both when the substrate was coal nr model compounds. In 
addition to direct phosphorylation of -OH, four side reactions were noted: 

2 
\ 

(i) oxidation P(II1) -+ P(V) 
(ii) hydrolysis P-CI -+ P-OH I 

? (iv) ROH+EtO-P --f ROP+EtOH 

I 

(iii) solvolysis P-OEt -+ P-OH 

This rendered quantitative study impossible. Naturally, more vigorous control of reaction 
conditions (exclusion of oxygen and moisture) would allow greater succcss but this departs 
from the objective of devising a simple, one pot method for coal -OH determination. 
Ironically, therc is qualitative evidence that phosphorylation could be better than silylation for 
identifying subtle diffeimces in -OH environments. Indeed when coal is the substrate there is 
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evidence for the occurrence of all reactions (i) - (iv) above. From the spectrum of 31P 
chemical shifts, it may be deduced that a rich variety of phosphorus environment results from 
the reaction of coal with reagents of the class P(0R)zCl. In fact the oxidation reaction is very 
rapid and regardless of the initial reagent being P(II1) or P(V), any -OH groups on the coal 
which are phosphorylated contain P(V). An oxidation and hydrolysis of a product reagent 
such as P(0Et)zCI is OP(OEt)z(OH) and this material adheres strongly to the coal suggesting 
that it originates primarily from reaction with any tenaciously held coal moisture (all coal 
samples are dried at 105°C under N2 over one or more hours). Thus whilst the system is not 
without interest chemically, the analytical usefulness is limited. It may however he noted, as 
mentioned above, that preliminary qualitative studies of tri-n-butylstannylated coals give 
chemical shifts consistent with stannylation of weakly hindered -OH groups. 

b n  Exchanne 
It may he noted that the ability of microwave heating to accelerate thc ion exchange of clay 
minerals2 may also be exploited in coal science to afford transition metal exchanged -OH 
groups (e:g. Ni2+) which are suitable for preliminary study by EXAFS to provide some 
information about average -OH environments. 

Attempts may be made to exchange the weakly acidic sites directly, or alternatively, prior 
conversion to the potassium derivative may be employed. Selection of salts of copper(I1) can 
lead to complex chemistry and ill defined products. With nickel(I1) and cohalt(I1) cleaner 
reactions could be obtained. Thus microwave derivitisation has once again proved useful in 
developing matcrials for physical study by a method (EXAFS) which may give information 
about the average environment of -OH groups in a given coal. 

Qnclusions 
Microwave heating will not necessarily accelerate only a reaction of particular analytical 
interest, the rates of side reactions may also be accelerated. If the method is to be used to 
derivitise -OH groups it is desirable to select reagents with either no or with a minimum of 
side reactions. If that condition can be fulfilled, as it usually is if the reagent is selected from 
group 14. in our view microwave heating is now the preferred method for such derivitisation 
reactions. 
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Table 1 (a) 
Quantitative 29Si MASNMR 
determination of O O H / O ~ O ~ I  

\ 

O O H / O T ~ ~ ~ ~  Quantitative 29Si MASNMR 

O O H / O T ~ ~ ~ ~  % Reaction 
Coals %C %O by Silylation Time 

Gedling 81.6 9.4 41 2h 
Ollenon 82.6 1.5 55 2h 
Linby 83.0 8.7 61 2h 
Creswell 84.5 5.9 91 35 mins. 

97 7h  ,- 
Cortonwood 81.2 3.9 84 3h 
Cwm 90.3 2.9 - 5h 
Cynheidre 95.2 0.9 - 5h 

Table l(b) 
Acetylation data from ketene and from conventional 
reagents used in the microwave oven for comparison 

OOH/oTo~]  % by Acetylation 

L J 

i 
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THE APPLICATION OF PlXElPIGE ANALYSIS TO LIQUEFACTION STUDIES 

C.J.' , C. Eloi', R.K. Anderson' and J.D. Robenson" 
]Center for Applied Energy Research and 'Department of Chemistry, University of Kentucky, 

Lexington, KY 40511-8433. 

Keywords: liquefaction, ash analysis, P E E ,  PIGE. 

Introduction 

Proposed 'full-scale' direct coal liquefaction pilot plants all incorporate a combustion/ 
gasification stage to recover the thermal content of the insoluble organic matter derived from the 
primary dissolution of the coal in process solvent. This step will result in the production of an 
ash which will have to be either sold as a value-added-product or most likely stored in a 
designated landfill, with the ongoing costs of leachate treatment added to the overall plant 
economics. At present, ash derived from coal burning power plants is exempt from federal 
regulations regarding the long-term disposal of hazardous materials. However a recent US 
Supreme Court ruling determined that ash produced from municipal incinerators must be treated 
as hazardous waste', increasing overall disposal costs by an estimated factor as high as 10, 
presenting a potentially severe economic impact upon proposed liquefaction plants. It is therefore 
imperative that data be obtained regarding both the composition and leaching properties of 
combusted liquefaction residues in order to more accurately estimate the long term processing 
costs of this material. Additionally, a need exists to follow the distribution and effective use of 
dispersed catalysts during liquefaction, as well as catalyst recovery, recycle and rejection from 
the system, which are especially important should more expensive catalytic systems be 
contemplated. 

Elemental analysis with a high energy charged-particle beam is a powerful analytical tool 
that has moved out of the realm of the specialized 'nuclear' laboratory and found widespread use 
amongst researchers in many different areas. We are currently using simultaneous particle-induced 
X-ray and gamma-ray emission analysis (PIXEJPIGE) to investigate the fate of major, minor and 
trace metal species during the direct liquefaction of a sub-bituminous coal. In addition, 
P I X E P E E  is being used to follow the fate of these species during the combustion of liquefaction 
residues. 

Particle-Induced X-ray Emission Analysis (PIXE) 

PIXE as an analytical procedure is a relatively recent innovation, being first reported in 
1970 by workers at the Lund Institute of Technology*. Because the most common particle used 
for this purpose is the proton, the acronym has also come to mean proton-induced x-ray emission. 
PIXE, like other x-ray spectroscopic techniques used for elemental analysis, utilizes the x rays 
that are emitted from the atoms in a sample when that sample is exposed to an excitation source. 
The use of a proton beam as an excitation source offers several advantages over other x-ray 
techniques. Among these are; (1) a higher rate of data accumulation across the entire periodic 
table and (2) better overall sensitivities, especially for the lower atomic number elements. In the 
case of electron excitation, the better sensitivity is due to a lower bremsstrahlung background and, 
in the case of x-ray fluorescence analysis (XRF), the enhanced sensitivity is due to the lack of 
a background continuum across the entire spectrum. Of course, the chief disadvantage of PIXE 
is that it requires the use of a particle accelerator. 

Parlicle-Induced ?ray Emission Analysis (PICE) 

PIGE is based on the detection of prompt y rays that are emitted following a charged- 
particle-induced nuclear reaction. The energy of the y ray is indicative of the isotope present and 
the intensity of the y ray is a measure of the concentration of the isotope. This technique is 
generally combined with PIXE to provide trace level concentration data for the light elements 
lithium through chlorine. Because it is based upon specific nuclear reactions, the sensitivity of 
PIGE varies greatly from isotope to isotope. For most light elements, the sensitivity is in the 
order of 1 to 100 pg per gram. A comprehensive review of the theory and analytical applications 
of PIGE can be found in the text by Bird and Williams3. 
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2. Ashing of Samples. 

In order to simulate combustion, samples of the starting coal and the liquefaction resids 
were ashed in a LECO MAC 400 proximate analyzer at 750°C in air. 

3. PIXE~PIGE analysis. 

The PIXE/PIGE measurements were performed at the University of Kentucky 7.5 MV Van 
de Graaf accelerator’. The samples were irradiated for 15 minutes with an external 2.5 MeV 
proton beam in 1 atm. of He. The X rays are detected with a retractable Si(Li) detector with a 
FWHM resolution of 165 eV at 5.90 keV (Mn Ka). A 10 pm thick critical absorber Cr foil is 
used to reduce the intensity of the Fe X rays, and a 350 p n  thick Mylar film is used to reduce 
the brehrnsstrahlung background. The y rays are detected with a HpGe detector, 20% relative 
efficiency, with a FWHM resolution of 2.4 keV at 1274 keV. A detailed description of the IBA 
facility and the PIXE/PIGE analysis procedure has been previously published*. The system was 
calibrated using standard coals obtained from the US National Institute of Standards and 
Technology (1632a and 1632b) as well as a NIST standard coal ash (1633). Previous work has 
confirmed the validity of results obtained using these standards for the analysis of coals and 
related ashes’. 

Results 

Table 1 shows the product yields determined for the liquefaction experiments, which are 
typical for the experimental conditions and catalysts used. Total conversions measured at 415°C 
for each of the iron catalyzed runs were significantly higher than the conversions measured for 
the non-catalyzed runs carried out at 440°C. 

Table 2. lists the metal retention indices calculated for each of the liquefaction resids as 
well as initial composition of the feed coal. Note that a retention index of 100 implies that 100% 
of the metal originally present in the feed coal was retained in the resid. The retention indices 
obtained for molybdenum, nickel and zinc were all several orders of magnitude above those 
calculated from the original coal composition. This was attributed to contamination of the sample 
with anti-seize compound used to protect the threads of the micro-autoclave during liquefaction. 
This compound was found to consist of molybdenum disulfide, nickel powder and zinc oxide, 
which correlates with the enrichments measured. This problem has been corrected in subsequent 
experiments, however the data to be discussed in this paper will focus on other metals. It is of 
interest to note that the retention indices measured for sodium, potassium, calcium and titanium 
were all reduced in the catalyst impregnated resid. samples suggesting the transformation of 
some of these metals into an oil soluble form during liquefaction. 

It is to be noted that the three catalyst-promoted resid samples all show a large increase 
in iron retention over the parent coal due to the iron impregnation prior to liquefaction. The most 
efficient form of iron impregnation appears to be the method used in run R3-208-3, super fine 
iron oxide addition, with 92% of the added iron being detected in the resid sample. The other two 
methods of iron addition, iron oxide addition and Fe,(S04),.5H,0 impregnation showed iron 
retentions of 75% and 50% of theoretical, suggesting that iron partitioning amongst the 
liquefaction products may differ as a function of catalyst precursor. Further work is currently 
underway to examine this hypothesis. The resid samples also showed a high degree of retention 
for sodium, strontium, aluminum, titanium and manganese. 

Table 3. lists the metal retention indices measured for each of the combusted resid 
samples. Whilst the ashing temperature (750°C) was significantly lower than the temperatures that 
would be typically found in the combustor/gasifier systems proposed for full scale liquefaction 
facilities, it does, however, demonstrate the’likelihood of the metallic species from the catalyst 
enriched resids being retained within the resulting ash. 

As expected the samples resulting from the Fe catalyst promoted liquefaction runs again 
show a high degree of enrichment in iron over the feed coal, whilst high percentages of 
strontium, aluminum, titanium and manganese are also retained in the ash. The retention of these 
metals in the combustor ash would have important consequences on the composition of leachate 
generated from a storage landfill containing combustor/gasifier ash. Future work will be directed 
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Comparison With Other Analytical Techniques 

Conventionally, analyses of minor and trace elements in coal and coal liquefaction and 
combustion residues have been carried out by Atomic Absorption (AA) and Inductively Coupled 
Plasma Atomic Emission (ICP-AE) specnoscopy, or by instrumental methods such as XRF or 
Neutron Activation Analysis (NAA). While the sensitivity of PIXE and PIGE for most elements 
is below that of AAS, ICP-AES, and NAA, it is important to keep in mind that there is no need 
to use a higher sensitivity than required by the analytical situation. 

In comparison to PIXWIGE. the main disadvantage of AAS and ICP-AES is the 
complicated and time consuming sample preparation procedure required prior to analysis. These 
steps usually involve wet or dry ashing of the coal, and dissolution of the ash via acid digestion 
or fusion. During these procedures, great care must be taken to ensure that volatile elements such 
as As and Pb are not lost and that sample contamination is avoided. The other principal drawback 
of AAS and ICP-AES is the possibility of chemical mamx interferences. 

While NAA has greater sensitivities for most metals (e.g. Hg, Cd, Sb) than PIXE in coal 
and coal ash, pre- or post- irradiation chemical separations are often required in order to achieve 
maximum sensitivities. Moreover, NAA cannot be used to determine some of the environmentally 
significant elements such as Pb, TI and Sn. Finally, PIXWIGE can provide a rapid 
multielemental analysis (20 to 30 elements) in 15 to 20 minutes, whereas a complete 
multielemental analysis by NAA may require multiple irradiations and up to 3 months of a 
delayed counting period. 

The principal advantage of applying PIXEPIGE to these particular resid samples is that the 
technique requires only a small amount sample (= 100 mg) for a complete metal analysis to be 
performed. Other traditional techniques require several grams of sample in order that ashing and 
acid digestion be carried to produce sufficient solution for a complete metal analysis. 

Experimental Procedure 

1. Coal Liquefaction Samples. 

To provide liquefaction residues for this study, experiments were performed using Wyodak 
coal supplied by CONSOL, Inc. from the Black Thunder mine in Wright, Wyoming. Four runs 
were made without added catalyst at temperatures to 440°C, and reaction times to thirty minutes 
using tetralin as solvent. In addition, to gauge the impact that typicalxatalysts may have on the 
composition of these residues, three runs were made at 415°C for 30 minutes with different Fe 
catalyst precursors. 

The three precursors used included Fez(S0,),.5Hz0 impregnated on the coal feed in an 
aqueous solution, without base precipitation (FeIII);4 Superfine Iron Oxide (SFIO), a finely 
divided 30 A iron oxide supplied by MACH I, Inc.;' and iron oxide (IO) used as a catalyst at 
the Advanced Coal Liquefaction Research and Development Facility at Wilsonville in Run 262, 
supplied by Kerr-McGee'. Additional information on these materials and methods of preparation 
is available in the literature cited. 

In a typical liquefaction experiment, 3 g of coal, ground to -200 mesh, was added to 50 
ml microautoclaves with 5.4 g tetralin. When Fe was added, dimethyl disulfide was also added 
in an amount sufficient to convert the Fe to pyrrhotite. The reactor was pressurized with hydrogen 
to 6.89 MPa (cold pressure), and agitated in a heated, air fluidized sand bath at 400 cpm. The 
reactor was cooled in a second sand bath, and gas products were collected and analyzed by gas 
chromatography. The other products were removed from the reactor with THF and extracted in 
a Soxhlet apparatus. The THF solubles were subsequently separated into pentane soluble (Oils) 
and pentane insoluble (PA+A) fractions. Total THF conversion was determined from the amount 
of insoluble material that remained (resid). Any added Fe was subtracted from the residue sample 
weight at its equivalent weight of pyrrhotite. Oils are calculated by difference, and as a result, 
water produced during liquefaction, as well as  any experimental error, is included in this fraction. 
All product yields are stated on an maf coal basis. 
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towards obtaining larger quantities of combusted resids in order to evaluate the leaching 
characteristics of these materials via standard procedures. 

Conclusions 

The results reported in this paper have demonstrated the advantages of using PD(E/PIGE 
as an approach for following the distribution of metal species during liquefaction. Further 
employment of this technique will facilitate a greater understanding of catalyst utilization, 
recovery and recycle during coal liquefaction, as well as emerging solid waste disposal concerns. 
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Table 3. Metal Retention Indices for Combusted Resid. Ash 
(% Metal retained in Ash.) 
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N. 

AI  

K 

C. 

Ti 

M" 

F I  

Ni 

Zn 

R b  

SI 

ZI 

M O  

AB 

B. - 

R2-154-2 R2-154.1 R3-152-1 R3-80-1 R3-258-2 PI-208.3 R1-342-2 
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80 97 64 80 59 75 61 
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80 101 71 65 95 93 133 

69 82 67 61 238 328 321 

8160 11313 3397 26649 14598 3122 10866 

3447 175 1698 6939 5033 107 4457 
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Table 1. Product Yields for Liquefaction Experiments? 

Catalyst none none none none FeIII SFIO IO 

415 415 440 440 415 415 415 
Added 

Rxn temp- 
erature, "C 

Rxn time, min 

Added Fe, 
wt% mf Coal 

SIAdded Fe, 
m Im 

15 30 15 30 30 30 30 

none none none none 0.8 1.2 1.2 

3.0 3.0 none none none none 1.6 

11 Products. wt% maf Coal 
0.4 0.7 0.9 1.3 0.8 1.5 1.3 1 H C G ~ W  

c 0 + c 0 ,  4.2 4.4 5 .O 5.8 4.9 6.0 4.4 
Oils 21 28 39 45 36 37 39 
PA+A 40 43 36 28 42 40 39 
IOM 34 24 19 20 16 16 16 
THFConv. 66 76 81 80 84 84 84 

Rm nmben RZI54-2 R2-154-I R3-152.1 R3-80-1 R3-258.2 R3-208.3 R3-342.2 

a. 3.0 g Black Thunder coal in 5.4 g tetralin. using 6.89 MPa H, (cold). 

Table 2. Metal Retention Indices for Liquefaction Resids. 
(% Metal Retained in Resid.) 

A.R. R2.154-2 R2-154.1 Rl-151-1 R3-80-1 Rl-158-2 Rl-208-1  Rl-141.2 
C o d  

( P P ~ I  

58 128 143 231 116 125 121 96 

319 98 91 84 68 67 65 68 

6703 81 111 95 74 65 99 78 

351 78 113 134 50 82 64 79 

12843 67 61 56 54 39 35 36 

623 80 66 58 54 38 44 39 

44 109 108 71 69 76 63 124 

3807 82 81 81 64 207 379 315 

2 7897 14415 26323 2476 10367 3069 11079 

2806 6295 7733 1719 3945 IW3 4055 

98 IO8 86 48 93 90 ' 95 

2 82 85 76 65 67 61 55 

:: II 
243 43 57 46 32 30 45 40 

N.D. 10781 27874 31960 5457 15120 5195 19191 

A 8  16 41 112 I28 194 0 52 0 

8. 779 64 59 56 44 62 71 54 

814 



I 

A 

I 

X-RAY CHARACTERIZATION OF THE CRYSTALLINE INORGANIC SPECIES AND 
THE ORGANIC MATRIX IN WLSONVILLE RECYCLE RESID FROM RUN # 259. 

David L. Wertz and Charles B. Smithhart' 
Department of Chemistry & Biochemistry 

and 
Center for Coal Product Research 
University of Southern Mississippi 
Hattieshurg, MS 39406-5043 USA 

Key Phrases: Pyrrhotite 11-C, hard and soft x-ray fluorescence, x-ray diffraction and 
absorption. 

INTRODUCTION. 

Products recovered from the two-stage direct liquefaction of a Pittsburgh seam coal 
(and several other coals) produced at the Wilsonville facility have been studied extensively 
as part of a global project sponsored by the U.S. Department of Energy.' 

An x-ray scattering-diffraction-fluorescence spectral study of the resids produced from 
processing Illinois # 6 coal at the Wilsonville facility has recently appeared. The effect(s) 
of the two-stage catalytic processes on the poly-cyclic aromatic character in the resids (as 
indirectly measured by the diffuse scattering caused by its graphitic layer stacking ) and on 
the crystalline inorganic materials are reported. 

Presented below are our preliminary finding from an x-ray study of the recycle resid 
produced during run # 259 at the Wilsonville facility. This study is a continuation of the 
group's efforts to utilize x-ray characterization methods to better understand the molecular 
structuring in coals and how various processes (such as liquefaction) affect that structuring. 

EXPERIMENTAL. 

Each sample was received (from Brandes) as a fine powder and was analyzed "as 
received."' 

Diffraction Experiments. A carefully weighed amount (ca. 0.5 grams) of each sample 
was deposited onto the sample holder (1.0 mm depth) and mounted into our 0-20 x-ray 
diffractometer. The sample was irradiated with copper x rays. Scattered x-ray intensities 
were accumulated by measuring the CuK, wavelength (made monochromatic by use of a 
graphite crystal at A20 = 0.01" from 28 = 1O.OO0 to 20 = 90.00'' for 2 second intervals using 
the conventional step-scan procedure? 

Absorption Experiments. A carefully weighed amount of each sample (ca. 0.1 or 0.5 
grams) was deposited onto the aluminum sample holder (which served as the substrate). 
The intensity of the (311) peak of the aluminum was measured both in the presence of and 
in the absence of the resid sample! For the recycle resid, an aluminum sample holder with 
depth of 1.0 mm was used. For its tetrahydrofuran insoluble fraction, a sample holder of 
0.1 mm depth was used. 

X-Ray Fluorescence Spectral Experiments. Approximately 1 gram of each resid was 
pressed into a pellet and then mounted into our wavelength dispersive x-ray spectrometer. 
Using chromium as the exciting radiation, both a soft x-ray spectrum (using a MOXTEK 
multi-layer as the monochromator) and a hard x-ray spectrum (using graphite as.the 
monochromator) were obtained using the normal step-scan procedure. 

RESULTS AND DISCUSSION. 

X-Ray Fluorescence Experiments. The soft and hard x-ray spectra of the recycle 
resid and its THF-insoluble fraction are presented in Figures One and Two. After 
irradiation with the Cr x rays, large secondary x-ray peaks due to iron and calcium are 
observed, along with smaller peaks due to titanium, potassium, sulfur, and silicon are 
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observed in both spectra. 
Mass Absorption Experiments. Shown in Figure Three are the intensities of the 

(311) diffraction peak from the aluminum sampleholder in the absence of and in the 
presence of the recycle resid sample. The mass absorption coefficient of each resid was 
calculated by: 

In eq. 1, T is the irradiate surface area, 0 = 0.520 for the (311) peak, and 4 and Ap are 
the areas measured under the (311) peak of aluminum in the absence of and in the presence 
of the finely powdered resid samples. The mass absorption coefficient of each sample is 
presented in Table I. 

X-Ray Diffractograms. The measured secondary x-ray intensity, I(28) was converted 
to the absorption corrected intensify by: 

The absorption corrected diffractograms of the recycle resid and its THF-fraction are shown 
in Figure Four. The absorption corrected diffractograms have been utilized throughout the 
remainder of this manuscript because peaks I'(28) are proportional to the abundances of 
the various analytes in the complicated resid matrices. 

The diffraction peaks due to the crystalline mineral components present in the resid 
(B) and its THF-insoluble component (A) are shown in Figure Six. That the mineral peak 
intensities are much higher in the THF-insoluble fractions is consistent with its significantly 
higher ash content and its significantly higher x-ray mass absorption coefficient and 
substantiates that extraction by tetrahydrofuran increases the relative abundances of the 
crystalline minerals by preferentially removing carbonaceous materials from the resid. 

Huffman, Huggins, et al! have recently reported that pyrrhotite (Fe,.,S) is formed 
by reaction with H,S during direct coal liquefaction processes using iron-based catalysts, with 
iron oxide(s) present only in the case of insufficient sulfur! Our best current correlation 
to date of the diffraction peaks with the crystalline components present in these samples 
involves pyrrhotite 11-T as well as a-quartz and other minerals but not iron oxide(s).' 

p = [Tsine/2m].In(AJ%]. (1) 

1'(28) = pm1(2e)/{ l-exp(-2pm/Tsin8)}. (2) 
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TABLE I. MASS ABSORPTION COEFFICIENT CALCULATIONS 

SAMPLE MASS 
(g) 

recycle resid 0.3351 26,130 2,303 13.8 

THF-insoluble 0.1036 23,886 1,215 54.8 

816 



I 
J 

1 

HARD WDXRF'S OF RECYCLE RESID 
80000 - 

60000 

40000 
a x 
0 

20000 

0 

Yi n n 
I I I I I I I I 

io 20 30 40 50 60 70 eo 
GRAPHITE MONOCHROHATOR ANGLE 

FIGURE ONE. Hard x-ray spectra of the recycle resid and its THF-insoluble fraction. 
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FIGURE TWO. Soft x-ray spectra of the recycle resid and its THF-insoluble fraction. 

i 817 



DIFFRACTION FROM A 1  (3111 PEAK 

60000 - 
1.00 mm DEPTH 0.10 mm DEPTH 

40000 - 

rn 
n 
0 

20000 - 

A. 

1 

I I 
81.0 82.0 83.0 84.0 81.0 82.0 83.0 84.0 

DIFFRACTION ANGLE: CuKe X RAYS 

FIGURE THREE. Diffraction from the (311) of the aluminum sample holders. (A) 
Diffraction intensity from the sample holder with 1.00 mm depth, and (B) intensity from the 
sample'holder with 0.3351 g of the recycle resid deposited onto it. (C) Diffraction intensity 
from the (311) peak of the aluminum sample holder with 0.10 mm depth, and (D) intensity 
from the sample holder with 0.1036 g deposited onto it. 
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FIGURE FIVE. The diffuse scattering from the recycle resid (B) and its THF-insoluble 
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FIGURE SIX. Conventional diffraction from the crystalline materials in its THF-insoluble 
fraction (A) and the recycle resid. 
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ABSTRACT 

All the major forms of nitrogen in a group of Argonne coals are detected and quantified by X-ray 
Absorption Near-Edge Structure (XANES) studies; these forins are pyridine, pyridone, and 
pyrrole. In addition, there is evidence of aromatic and quarternary amines in  small amounts, and 
virtually no saturated amines. Pyridone is found to be abundant in the low rank coals; with 
maturation of coals, the pyridone forms become transformed into pyridine forms. The 
quarternary nitrogen has been analyzed as a potential contribution to coal spectra. This compound 
has a distinctive peak in the nitrogen XANES spectra allowing contribution of quarternary 
nitrogen in the coal spectra to be determined. By this method we have found that coals generally 
have at most small quantities of quarternary nitrogen. 

INTRODUCTION 

Important natural resources such as coal often contain heteroatoms such as sulfur and nitrogen; 
these heteroatoms pose serious threats to the environment, as well as to effective utilization of 
the resources. Elucidation of the chemical structures of the heteroatom containing compounds in 
coals aids in the removal of the compounds, and also in  understanding the complex maturation 
processes of these fossil fuels. 

X-ray Absorption Near-Edge Structure (XANES) spectroscopy has been very versatile i n  direct 
and non-destructive studies of fossil fuel samples. Sulfur XANES studies have been performed 
successfully on coals( 1-6), and petroleum asphaltenes(7-9). XANES studies showed that both 
coals and petroleum asphaltenes contain saturated and aromatic forms of sulfur; thiophenic 
(aromatic) is the most dominant form, followed by sulfidic (saturated) form. There are small 
amounts of oxidized forms in coals and asphaltenes, and unlike asphaltenes, some coals have 
inorganic sulfide structures present in them. 

Nitrogen XANES studies have also been successfully performed on coals(l0,l I )  petroleum 
asphaltenes(l2), and organic parts of source rocks such as kerogens and bitumens(l3). Several 
nitrogen model compounds have been studied io analyze the fossil fuel spectra; they are pyridine, 
pyridone, pyrrole, aromatic amine, porphyrin, and saturated amine. It is found that most of the 
nitrogen is found in aromatic forms in these fossil fuel samples, with negligible quantities of 
saturated forms. Pyrrolic and pyridinic are the most common forms of nitrogen in  these samples. 
In low rank coals, considerable aiiioiints of pyridone are also found, whereas in the high rank 
coals the pyridone structures are mostly replaced by pyridine structures. I n  addition, coals also 
have small quantities of aromatic amines. Some quantities of porphyrin and smaller quantities of 
saturated amines are present in the kerogens and bitumens in addition to the other nitrogen 
structures mentioned above. 

Other methods which have been used in  the past to elucidate the nitrogen chemical structures of 
fossil-fuels have been mostly destructive and indirect. Chromatographic and extraction methods 
have been problematic either due to high molecular weights or they are not powerful enough to 
study the entire sample. Several spectroscopic studies have been performed; however, they 
suffered mostly from resolution difficulties. X-ray Photoelectron Spectroscopy (XPS) studies on 
coals(14-16) and coal-related materials( 17) have been informative. Earlier XPS studies on 
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coals(l5) have shown the presence of pyridine and pyrrole; a more recent study(l6) has also 
Shown the presence of quarternary nitrogen. XPS experiments clearly could not resolve signatures 
arising from oxygen containing pyridone or the aromatic and saturated amine structures in coals. 

In this report, preliminary XANES studies of quarternary nitrogen (pyridinium) are presented as 
a Potential contributor to coal spectra. Several analogues of pyridinium compounds have been 
studied. It is found that these structures have a distinct sharp I* resonance at 401.8 eV, and is 
invariant among the different analogues. The pyridinium resonance is between the pyridine and 
the pyridone resonances, and is distinguishable from those from other structures. The coal 
spectra do not show any prominent sharp feature at the pyridinium x* energy, and at most show 
Only small quantities of these structures. The pyridone percentage far exceeds the quarternary 
percentage, and the inverse connection between the pyridone and pyridine percentages is still 
more prominent. 

EXPERIMENTAL SETUP 

Nitrogen x-ray data on all the coal and model samples have been obtained at the soft x-ray beam 
line U4B, designed and constructed by AT&T Bell Labs(l8). at the National Synchrotron Light 
Source at Brookhaven National Laboratory. U4B is equipped with a grating monochromator with 
agrating of 600 lineslmm. The sample chamber was maintained at pressures of to 10'' torr 
by means of a turbo-molecular pump and a cryopump. The samples were mounted on pieces of 
nitrogen-free 3M tape and positioned on a sample holder by a load-lock system. A multichannel 
Ge fluorescent detector(l9) was used with a 2-ps shaping time. The energy resolution was about 
140-400 meV. 

The coal samples were provided by Dr. Karl Vorres from Argonne Premium Coal Sample Bank 
at Argonne National Laboratory(20). The coal sample suite consisted of eight samples; these 
samples belonged to varying ranks, starting from lignite to low-volatile bituminous. The samples 
were: a low-volatile bituminous coal from Pocahontas #3, VA (POC); a medium-volatile 
bituminous coal from Upper Freeport, PA (UF), four high-volatile bituminous coals from 
Pittsburgh #8, PA (PITT), Lewiston-Stockton, WV (WV), Blind Canyon, UT (UT), and Illinois 
#6, IL (IL), and a subbituminous from Wyodak-Anderson, WY (WY), and a lignite from Beulah- 
Zap, ND (ND). 

The nitrogen model samples were obtained from Aldrich Chemical Company The pyridine 
samples wereacridine, 4,7-diphenyl- 1, IO-phenanthroline, phenanthridine, di-p-tolyl pyridine, and 
4-polyvinylpyridine-costyrene; the pyridinium samples were pyridinium dichromate, I -ethyl-4- 
(methoxycaronyl) pyridinium iodide, and pyridinium 3-nitrobenzenesulfonate; the pyridone 
samples were 6-(2,2-diphenyl-2-hydroxyethyl)-2(1H)-pyridone, 2-hydroxyquinoline, 1- 
hydroxyisoquinoline, I -methyl-4-pentadecyl-2( I H)-quinoline; the pyrrole samples were 
tetrahydrocarbazole, 2-phenylindole, 9-vinylarbazole, and carbazole; the aromatic amine samples 
were 2-aminofluorene, and 2,7-diaminofluorene, and the saturated samples were 1,3,5- 
tribenzylhexahydro-I ,3,5-triazine, and diaminododecane. All the coal and the nitrogen model 
XANES spectra were calibrated with respect to the first x* resonance of zinc octaethylporphyrin 
at 399.72 eV. 

RESULTS AND DISCUSSIONS 

The XANES spectra of the coals show similar features with three well-resolved resonance 
regions(] 1). The feature at 401.8 eV is relatively insignificant compared to the major resonances; 
it  occurs at the red tail-end of the second broad resonance region between 402 and 405 eV. The 
major resonances are much more intense; of these, the first resonance at 399.7eV varies in 
inrensity among the different ranked coals. The lowest rank coal has a less intense resonance at 
399.7eV while the same resonance i n  the higher rank coals is much more intense. The second 
resonance region, upon close inspection, shows the presence of three resonances, at -402eV, 
-403.5eV, and at -405 eV. The intensity of the 402 eV also varies significantly among coals of 
different ranks; it is more prominent in the low rank coals than in the high rank coals, The 
feature at 405eV is also comparatively insignificant, and is merely a valley with varying depth, 
with no strong trend as a function of coal rank. All the coal spectra show a prominent resonance 
at 408eV. 
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XANES studies of different nitrogen model compounds have been performed in order to analyze 
the coal spectra. In the present report, spectra of six groups of model compounds have been 
associated with the coal spectra; they are pyridine, pyridinium, pyridone, pyrrole, aromatic amine 
and saturated amine. In our previous work( 1 1) we have analyzed all the above nitrogen structures 
except for pyridinium. The pyridinium x' resonances are sharp, and invariant; they are well 
grouped together at around 401.8 eV, consistent with our earlier results(l1) of the different x* 
resonances of pyridine analogues (at 399.7 eV), pyridone analogues (at 402 eV), pyrrole 
analogues (at 403.5 ev),  and aromatic amines (at 405eV). The pyridinium x* resonances occur 
at a higher energy than the pyridine x* resonances; this is consistent with the observation in the 
case of sulfur structures(5), where the x* resonances are blue shifted with more positive 
oxidation numbers. The x* resonances of pyridone, on the other hand, are generally at higher 
energies than pyridinium resonances. Perhaps with more number of analogues a small overlap 
may be observed between the pyridone and pyridinium resonances. The pyrroles have higher 
energy x* resonances compared to pyridine; we have explained this due to the difference of the 
orbital location of the lone pair of electrons at the nitrogen site. The fact that each different 
nitrogen structure has a characteristic x* absorption feature distinct from that of another structure 
helps in the analysis of coal spectra which may contain several different nitrogen structures. 

The coal spectra do not show any prominent absorption resonance at the pyridinium signature 
(401.8 eV). The coal spectra show only a wing at this absorption energy which is at least in part 
due to the pyridone resonance occurring at a higher energy. This, therefore, shows that there is 
at most a small amount of pyridinium present in the coals. This is consistent with the XPS 
results(l6) which show presence of small amounts of quarternary nitrogen in these coals. In 
contrast, XANES results show that pyridine and pyrrole are the two major nitrogen structures 
in coal, consistent with XPS studies(l6). XANES data also show signatures arising from 
pyridone, aromatic amine and saturated amine. To the best of our knowledge, unlike XANES 
methodology, XPS technique can not resolve features arising from pyridone, aromatic and 
saturated amines; XANES and XPS can therefore be considered as complimentary techniques. 

Previous results( 11) show that the low rank coals have a significant pyridone percentage and a 
low pyridine percentage; on the other hand, the opposite is true with the higher rank coals. This 
suggests that with maturation of coal, pyridone structures lose their oxygen content, and become 
transformed into pyridine. The variation of the intensity of the pyridine and the pyridone peaks 
as a function of coal rank is much inore drastic than the small pyridinium content in the different 
coals. 

CONCLUSIONS 

XANES methodology is an excellent tool for studying heteroatom structures in  coals. Nitrogen 
occurs mostly in aromatic forms in the coals: pyridine and pyrrole are the two most common 
nitrogen structures; low rank coals lhave a high percentage of pyridone and a small percentage 
of pyridine, and the opposite is true with h e  high rank coals. This leads to the conclusion that 
as coals mature, oxygen is driven away, and pyridone structures are converted into pyridine 
structures. XANES data do not show any prominent resonance at the quarternary nitrogen K* 
energy, and low rank coals have more significant amounts of pyridone than quarternary nitrogen 
structures. 
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Abstract 

A series of heteroatom-rich coal and coal-derived liquids have been analysed using gas 
chromatography (GC) in combination with three dfferent element-selective detectors. 
Selected chromatograms, including a supercritical extract (Mequinenza lignite) and 
aromatic fractions isolated from coal tar pitch samples are presented. I n  each case a 
series of sulphur- andlor nitrogen-containing compounds have been identified using 
either flame photometric detection (GCIFIDIFPD) or nitrogen-phosphorous detection 
(GCIFIDINPD) and the information compared with that obtained from a GC coupled 
to an atomic emission detector (GC-AED). Preliminary results have demonstrated the 
relative response characteristics of each detector and their respective ability to acquire 
qualitative and quantitative information in interfering background matrices. Further, 
due to the unique capabilities of GC-AED, a number of dual heteroatomic (sulphur- 
oxygen and nitrogen-oxygen) compounds have been identified. 

Introduction 

Polycyclic aromatic compounds (PAC) predominate in coal liquids as well as in other 
heavy oils derived from fossil fuels. While the polycyclic aromatic hydrocarbons 
(PAH) are usually the most abundant PAC, nitrogen-, sulphur-, and oxygen- 
containing compounds are also present in significant concentrations and their impact 
on processing and the environmenv’human health are well d~cumented(~-~). Numerous 
characterisation studies have been conducted into the nature of aromatic and 
heterocyclic compounds present in such materials and many researchers have derived 
information from pyrolysis products, solvent extracts and liquefaction prod~cts(~-6). 
Most of the recent work has focussed on the development of techniques for both 
seperation and detection of compound or element-rich fractions. The principal methods 
employed to date include capillary column gas ~hromatography(~.8), liquid 
chr~matography(~) ,  element-selective detection(lO-I6), high resolution mass 
s p e c t r ~ r n e t r y ( ~ ~ - ~ ~ )  and X-ray techniques(21). 
For the identification of heteroatomic species, the most successful approach has been 
the use of capillary column gas chromatography in combination with gas 
chromatographyhass spectrometry(a-24). However, interpretation is complicated due 
to the properties of aromatic heterocycles being very similar to those of aromatic 
hydrocarbond2) and prior fractionation or enrichment of target compounds into 
compound classes is considered an essential step for their unambiguous 
identification(l2.W. 
The use of element-selective detection in gas chromatography, for simplifying the 
analysis of complex hydrocarbon mixtures, is now relatively commonplace(25); but 
their application, particularly in the determination of uace concentrations of polycyclic 
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\ aromatic compounds, requires that due care and consideration be exercised. Flame 
photometric detector (FPD), has been extensively used for qualitative analysis of 
sulphur compounds but suffers from many inherent problems including a non-linear 
response (approx. quadratic) and compound dependency which makes quantitative 
analysis difficult and time-consuming. Moreover, quenching of the signal by coeluting 
hydrocarbons can considerably reduce sensitivity(26). For nitrogen compounds, the 
nitrogen-phosphorous detector (NPD), with a specifity (N/C) of 103-105 and a linear 
response over several orders of magnitude (see Table 1) is well suited to handling trace 
analysis in complex hydrocarbon mixtures(*’). The relatively recent introduction of 
atomic emission detection (AED), as a commercially available analytical tool has 
received comparitively little a t t e n t i ~ n ( ~ ~ - ~ ~ ) .  GC-AED offers highly selective, 
simultaneous, multi-elemental detection and claims to suffer from none of the enigmas 
associated with other element-selective detectors. Based on a microwave induced 
plasma (MP) and employing a moveable photodiode array (PDA) in a flat focal plane 
Spectrometer, the AED is capable of monitoring a broad range of elements at 
Considerably lower levels than most classical GC detectors(27). Detector response is 
linear and compound independent, with the possibility of empirical and molecular 
formula determination. 

GC analysis 

HP5890 Series I1 Gas chromatographs were used for AED and NPD analysis. A 
Perkin-Elmer 8500 gas chromatograph was used for FPD analysis. The GC-AED 
system also comprised an HP7637A Autosampler interfaced to an HP5291A AED 
Chemstation. 
Samples were analysed by GC-AED and GC/FID/FPD using a 25m BPX-5 or 
equivalent column with 0Spm film thickness and 0.32mm i.d. For NPD analysis a 
25m SE-54 column with 0.25pm film thickness and 0.25mm i.d. was used. GC and 
AED parameters are given below: 

Detector 
Injection port temperature (“C) 300 300 350 
Injection mode split (130) split (1230) splitless 
Columndetector coupling on-line on-line coupled to cavity 

0.2 or lpl 
Helium* Canier gas Helium 

@en P r o g r a m  

* High punty Helium (99.999999%) as recommended@) 

FPD N P D  AED 
- 

1P1 
Hydrogen 

Injection volume 1P1 

Initial temp: 50°C; Ramp rate: 4’C/min to 28OOC; Hold: 20 min 

Wavelength(nm) Scavenger gas 
- 

Element 
C 193.0 H2D2 
S 
N 
0 

181.4 H3102 
174.3 H W 2  
777.3 HW2/CH4 

Spectrometer purge flow: 

Results and Discussion 

The following examples illustrate the role of element-specific detectors in 
characterising heteroatomic species in coal liquids and demonstrate the unique 
capabilities of GC-AED for identifying dual or multiple heteroatom compounds in such 
materials. Further, from the chromatographic data accumulated 10 dare it.is anticipated 
that a comprehensive comparison of NPD and FPD with AED will be possible. 
Detailed qualitatative and quantitative information is currently being obtained by a 
combination of literature retention time data and model compound data. Gas 

Nimgen @ 2Vmin 
Transfer line temperature: 350°C Cavity temperature: 350°C 

I 
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chromatography-mass spectrometry (GC-MS) and GC-AED will provide structural 
characterisation.. 
From the selected chromatograms; Figure 1a.b shows the sulphur response of GC- 
AED and GC/FPD chromatograms respectively from the analysis of a supercritical gas 
extract of Mequinenza lignite. For both detectors, the chromatograms are very similar 
in general appearance (i.e. no. of peaks observed) and both display a series of alkyl 
substituted thiophenes, benzothiophenes and dibenzothiophenes. Taking into 
consideration sampling variations and the higher injector temperature employed in the 
GC-AED system the only remarkable difference is the relative peak intensities 
observed by both detectors. This can be accounted for by the compound dependency 
of the FPD and the possibility of quenching effects due to the high hydrocarbon 
presence. 
Figure 2a.b compares the AED and NPD traces respectively for a nitrogen-rich, heat 
treated, coal tar pitch aromatic fraction. As anticipated from detector response 
characteristics for nitrogen-containing species the chromatograms are almost identical 
with carbazole, substituted carbazoles, benzoacridine and benzocarbazoles being 
observed. The NPD has the advantage of a significantly greater selectivity over carbon 
(see Table 1) and consequently splitless GC injections using concentrated solutions 
were used for AED analysis. This results in what appears to be an instrument induced 
effect for the high boiling heterocyclics where peak splitting and a general distortion of 
peak shape occurs. Similar observations have been made for suphur and oxygen 
containing PACs'. 
The unique capabilities of the GC-AED as a muti-element detector are demonstrated by 
the identification of dual heteroatom compounds present in both the supercritical gas 
extract and the coal tar pitch sample. Figures 3a.b show segments of the C.S.0 and C, 
N, 0, chromatograms obtained for Mequinenza lignite and heat treated pitch 
respectively. By correlating characteristic emission wavelength responses with 
retention time data, the presence of oxygen-sulphur and nitrogen-sulphur compounds 
have been unambiguously identified. Further conformation is obtained using a 
"snapshot" facility which is a selected segment of the emission spectrum showing 
specific elemental emission wavelengths. The exact nature of these dual heteroatom 
species is as yet uncertain. Figure 4 provides further evidence of the multi-element 
character of GC-AED where the aromatic fraction from an untreated coal tar pitch has 
been analysed by GC-AED for C, S ,  N, 0 (Figure 4a) and the corresponding 
GC/FID/NPD is shown in Figure 4b. In both cases the carbon/FID channel provides 
mainly evidence of nitrogen-containing species but due to the high selectivity for both 
sulphur and oxygen over carbon for AED (see Table 1) the presence of both sulphur 
and oxygen compounds (and possibly further multiple heteroatomic species) can be 
confirmed 
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T -4 
Detectors 

FPD NPD AED 
Minimum detectable levels 2-50 0.05 (1-2) (50) . , . .  
(pgS/sec) (pgN/sec) 
Selectivity (SK) (N/C) 104-105 7*1d (8*1@) (2*1d) 
Linear response No (quadratic) YeS Yes 
Linear dynamic range 1-5*102 105 (1*104) (2*104) 
lvalues taken from literature(26) 
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ANALYZER TECHNIQUES FOR LARGE COMPONENTS 

O F  COMPLEX FOSSIL-DERIVED MATERIALS 

Jerry E. Hunt and Randall E. Winans 
Chemistry Division 
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Argonne, IL 60439 
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INTRODUCTION 
Coals and coal-derived samples provide a unique mixture for development and comparison of mass 
spectrometric techniques for high molecular weight analyses. The Argonne Premium Coal samples 
(APCS), a broad array of research grade standards collected, prepared, and stored under controlled 
conditions, are convenient for assessing classical and novel mass spectrometric techniques. Vacuum 
pyrolysis mass spectrometry of APCS 4 (Pittsburgh #8) has been reported.' Alkyl-substituted 
aromatic compounds and hydroxy- and dihydroxy-substituted aromatic compounds were observed. 
Newer techniques such as  laser desorption (LD), as well as in-beam techniques, such as desorption 
chemical ionization (DCI) and desorption electron ionization (DEI) are better suited to the studies 
of mixture characterization as presented by fossil fuels. 

We have previously reported laser desorption of coal extracts that show only low molecular weight 
ions (<IO00 amu).Z' The latter report compares LD with fast atom bombardment and DCI mass 
spectrometry. All three techniques produce similar data that differ only in minor details. Hanley 
reported LDMS of pyridine extracts produces a distribution of ions between 150 and 1500.' Field 
ionization mass spectrometry shows similar patterns.' Recently, others have interpreted their LD 
results in terms of high mass species (>12,000) being desorbed.&' The authors present data taken 
from single laser shots. We believe that the data presented can best be interpreted as electronic 
"noise" and that the observed signals are not related to the sample. In our hands, laser desorption 
mass spectrometry of coals and coal-derived materials does not show any reproducible ion intensity 
above 2000 u. Our results have been obtained on two different time-of-flight instruments, one 
constructed in-house and one a commercial instrument (Kratos Kompact MALDI 111). 

Laser desorption mass spectrometry has recently been used to identify high molecular weight proteins 
of mass in excess of 100,000 amu. Thus, if there are indeed large molecular species in coals or coal 
extracts, LDMS is an attractive technique. However, the conditions whereby large molecular ions 
can be desorbed intact are very specialized. The extension of LD to heavier molecules is made 
possible by embedding the sample in a chemical matrix (matrix-assisted laser desorption ionization, 
MALDI). Without this matrix, large mass species are not observed. Recently, Herod reported results 
using a time-of -flight mass spectrometer designed for MALDI analysis.' He concluded that high 
mass species (up to 200,000 u) are observed in the mass spectrum. We have used our two TOF mass 
spectrometers for coal analysis by MALDI, have carefully analyzed our data and the instrumental 
conditions, and conclude that only low molecular weight ions (up to I500 u) are observed. We 
interpret our results quite differently from Herod. First, results from both of our mass spectrometers 
are similar, i.e., ion intensities are in the mass range from about 200 to 1500. No ion peaks are 
observed at higher masses in either instrument. We did observe a problem with the detector in the 
Kratos instrument that may result in an over-interpretation of the data. The detector in the Kratos 
instrument is  very sensitive to ion saturation, that is, high ion currents cause spurious peaks to be 
observed at times of flight which are uncorrelated in time and, thus, uncorrelated in mass, These may 
be incorrectly interpreted as "true" ion signals of high mass. If, indeed, large molecules do exist in 
coal, new matrices will need to be identified which are applicable to the types of compounds found 
in coal. We are currently investigating this area. 

This study focuses on a number of complementary approaches that have been used to investigate 
fossil fuel-derived materials. LD, DCI, and DEMRMS are compared as methods of volatilizing high 
molecular weight species present in coal samples. Also, DEIHRMS on a high resolution three-sector 
tandem mass spectrometer is compared to laser desorption with laser photoionization on a time-of- 
flight instrument for high mass mixture selectivity. 
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EXPERIMENTAL 
The coals used in this study are the Argonne Premium Coal Samples 1 (Upper Freeport mvB) and 
2 (Wyodak-Andersod subB). A complete discussion of the characteristics of the coals used in this 
study has been reported.' Vacuum pyrolysis tars were prepared by heating coal in a vacuum at 400 
"C and collected at room temperature. Pyridine extracts and KOWglycol solubilization procedures 
have been reported." The E1 and DCI mass spectra were recorded on a Kratos MS 50 triple 
analyzer, The reagent gas for the DCI studies was isobutane. The solids and extracts were heated 
in the source on a small platinum wire coil from 200 "C to 700 "C at 100 "C/min. with the source 
heated at 200pC. The laser desorption and laser ionization mass spectra were recorded on a linear 
time-of-flight mass spectrometer constructed in-house and a Kratos Kompact MALDI I11 reflectron 
time-of-flight mass spectrometer. The fluence of the desorption laser is held constant at 10-100 
mJ/cm2 at a repetition rate of 20 Hz. For direct ion desorption the laser is operated close to the 
ionization threshold to minimize fragmentation of the desorbing material. The laser is operated at 
lower fluences for neutral ion desorption. The neutral molecules are then ionized by vacuum 
ultraviolet light, The 118 nm laser pulses are produced by third harmonic conversion of 355 nm light 
from a Nd:YAG laser in a high pressure Kr cell. 

RESULTS 
Figure 1 shows a comparison mass spectrum of the vacuum pyrolysis tars from APCS 1. The lower 
panel is the direct laser desorption mass spectrum and the upper panel the DCI mass spectrum of the 
same sample. In each spectrum there are only a small number of low intensity peaks below m/2=200, 
indicating the overall soft ionization of each technique. The two methods show similar peaks, with 
some variation in intensity. Overall the LD spectrum shows fewer peaks up to a mass of about 275 
as compared to a more dense region for the DCI data. In LD the more volatile species sublime and 
are not observed. Above this mass the spectra are quite similar. The peaks in the DCI data are 
generally +I species as compared to the LD data, indicating the formation of (M+H)+ ions. Several 
homologous series are observed in the LD and DCI data. Possible structures can be assigned to each 
of these series based on PyHRMS results from the same coal sample. The prominent series 
(especially in the LD data) at d z  = 230,244,258,272 is assigned to alkyl-pyrenes or fluoranthenes. 
Another series contains two different species, alkylphenyl-naphthalenes and alkylhydroxy-pyrenes 
or fluoranthenes. Thus, there is good agreement in mass, if not intensity, for these two techniques. 

Figure 1. Comparison of LD (lower panel) and DCI (upper panel) methods for vacuum pyrolysis 
tars of APCS 1 (Upper Freeport mvB). 

At higher masses there is also good agreement between the techniques. Several homologous 
series appear at these higher masses. A series at m/z = 292, 306, 320, 334, 348, 362, 376 is possibly 
alkylphenylpyrenes. Another series between 306 and 362, form an oxygen containing series with a 
suggested structure of methylbenzopyrenohran. 
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Ion Series 

230. 244.258. 272. 286. 300. 314 

The mass spectra ofthe demineralized pyridine extract of APCS 1 is shown in Figure 2. Spectrum 
A is the direct laser desorption mass spectrum of the pyridine extract and spectrum B the E1 mass 
spectrum. Again the overall absence of ion intensity below 225 in the LD indicate soft ionization, i.e., 
the molecular fragmentation is minimum. Also, in laser desorption low molecular weight (volatile) 
molecules will be lost due to the high vacuum. 

A 

Structural Type - 
alkvl Dyrene or fluoranthene 

B 

~ ~~ 

242,256,270,284,298 alkyl chrysenes 

252.266.280.294. 308 a l h l  benzopyrene or benzofluoroanthene 

Figure 2. The pyridine extract of demineralized APCS I .  A, the LD and B, the E1 mass spectrum. 

292,306,320, 334, 348,362, 376 

195.209.223.231. 251 

alkyl phenylpyrenes and pyrenobenzohran 

alkyl carbazoles 

276,290,304,318,332 alkyl benzoperylene 

In general the direct laser desorption mass spectra favor the aromatic compounds over the aliphatic, 
producing a simpler, cleaner mass spectrum, while the E1 spectra show aliphatic as well as aromatic 
species. 

Since direct laser desorption favors aromatic species at the expense of aliphatic species a method to 
enhance LD was employed. First, at low fluence, neutral molecules are desorbed, then a second laser 
pulse of 10.5-eV is used to ionize the neutrals. Since multiple photons can be absorbed increased 
ionization efficiency is expected for aliphatic species. A comparison of DEIHRMS and LD of neutral 
with photoionization is shown in Figure 3. The sample in this case is the hexane extract of the KOW 
glycol reaction of APCS 2 (Wyodak-Anderson). The overall similarity of the spectra is compelling. 
The peak from m/z = 368 to 508 are assigned as acid with the base structure H(CH,),CO,H, n = 23- 
33. An important difference in the spectra is the appearance of high mass ions in the LDLI  spectra. 
Coupled with time of flight mass spectrometry, the spectra exhibit parent ion abundance which 
conventional 70 eV electron impact lack. The peaks near d z  = 800 do not appear in the DCI MS 
spectra. These peaks may be assigned as very long chain fatty acids on the order of C,. 
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Figure 3. The laser desorptiodaser ionization mass spectrum (left) and DEIHRMS (right) of 
the hexane extract of KOWglycol reaction of AF'CS 2. 

CONCLUSION 
The mass spectra show different molecular weight distributions, but similar ion series In general LD, 
DCI, and E1 give progressively lower distributions. Furthermore, the ions present in the LD and DCI 
spectra are directly comparable, while LD and E1 produce different ion distributions. Information on 
neutrals is available from LD-photoionization. The appearance of an ion series in the m/z = 700-1 000 
range demonstrates an advantage of 10.5-eV ionization and TOF analysis Mass spectral data from 
both LDMS, DCIMS, and EIHRMS are being analyzed for all eight Argonne Premium Coal 
samples. 
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INTRODUCTION: 
Since its introduction as an analytical method in the late 1960s and early 1970s. high 

pexformance liquid chromatography (HPLC) has become widely used in environmental studies, 
especially for the analysis of PAHsl.2. PAHs are widespread environmental contaminants and 
much effort has been devoted to the development of liquid chromatographic columns which are 
sensitive to PAH separation. Reverse-phase HPLC on chemically bonded C18 has become the 
method of choice for the separation of PAHs 3-6, and a review by Wise er al. has described 
general protocols for the separation of PAHs using reverse-phase HPLC. However, direct 
analysis of PAHs in complex fuel mixtures using reverse-phase HPLC is complicated as sample 
preparations have become elaborate, due in large part to the fact that most complex organic 
materials contain compounds that are not usually miscible in acetonitrile, the solvent of choice for 
reverse-phase HPLC separations of PAHs. These materials routinely are fractionated frst into 
general compound class categories7 (i.e. aliphatics, polar compounds, aromatics, resins, and 
asphaltenes) before separation of PAHs can be performed, and usually normal-phase HPLC is 
relegated to general cleanup and isolation of the total PAH fraction. The development of "charge- 
transfer" stationary phases for separation of x-electron rich PAHs8-10 allows for the separation of 
PAHs and their isomers in the normal-phase using solvents which are generally miscible with 
complex organic systems. 

Another problem associated with HPLC analysis of complex fuel mixtures and other 
extracts of natural samples is that, in the past, normal-phase and reverse-phase HPLC have 
depended upon either fluorescence detection or monochromatic UV absorbance detection. Fetzer 
and Biggsz have pointed out, these detection methods are too selective and many compounds go 
unobserved due to varying optimal wavelengths for different compounds. Developments in the 
last fifteen years of a full spectrum UV absorbance detector ( Le. diode array detector or DAD ) 
enable full spectrum detection of HPLC eluates. A distinct advantage of the diode array HPLC 
technique, which provides UV spectra of separated fractions as a function of time, is its ability to 
identify, by spectral comparisons, the molecular components of the eluates, including the isomers 
of PAHs. 

In this paper, we demonstrate a sensitive method for the detection and analysis of PAHs in 
coal liquefaction process stream samples. This is accomplished by the normal-phase separation of 
PAHs and their alkylated derivatives using a TCPP-modified silica column8 (Hypersil Green PAH- 
2) in combination with UV-diode array detection. This method allows for a more sensitive 
detection and efficient separation of multi-ring PAHs and their isomers without elaborate sample 
preparations or on-line coupling of a reverse-phase HPLC system. 

EXPERIMENT&. 

The dilute coal liquefaction process stream samples were analyzed and separated 
using a Waters 600E HPLC and Waters 991 photodiode array detector. The column used for 
HPLC separations was a Hypersil Green PAH-2 column purchased from Keystone Scientific, 
Inc.(Bellefonte, PA). 

Mass spectral data were collected for each fraction using the solids injection probe of a 
Kratos MS-80 double-focusing high-resolution mass spectrometer. The ionization mode on the 
mass spectrometer was electron impact @I, 70 eV). Instrument control and data collection were 
accomplished by using a computer-aided Data General DS90 software system 

. A standard consisting of a mix of 16 PAHs was obtained from Supelco, 
The coal derived liquids used for two-dimensional, normal phase HPLC 

separation, were supplied by CONSOL, Inc. and consisted of five liquefaction process streams 
representing different liquefaction systems, different feed coals, and different degrees of catalytic 
activity (Table I). 

The standard PAH mix is subjected to HPLC analysis to derive response factors for 
internal standard quantitative calculations. The internal standards were benzo[b]fluoranthene and 
benzo[g,h,i]perylene, which were added to each diluted coal liquefaction stream sample at an 
appropriate concentration level. The former was used as the internal standard for samples 1, 2, 
and 3 because the compound elutes in a region containing few intense peaks in the sample eluates. 
For samples 4 and 5 we used the latter internal standard because some significant peaks were 
observed in the elution range of benzo[blfluoranthene and these would co-elute with the standard. 

The coal liquids are then filtered through 0.2 bm filters (Supelco brand ISO-DISC N-32 
3mm diameter, nylon membrane, 0.2 pm pore size filters) in order to remove any insoluble 

. .  1 I 
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material. The column, equilibrated with 100% hexane, was operated in the gradient elution m@de. 
Samples are injected onto the PAH-2 column, and following an initial 10 minute isocradc period, a 
linear gradient from 100% hexane to 100% dichloromethane is used up to 80 minutes followed by 
a fmal hold for 5 minutes. 

RESULTS AND DISCUSSION 

Knowing that coal liquefaction process streams contain numerous amounts of polynuclear 
aromatic hydrocarbons and that the PAH-2 column successfully separated PAHs in a known 
standard, we had reason to be optimistic about its use for coal process stream liquids. The 
separation obtained for liquefaction process stream samples is demonstrated by 1-D maxiplots in 
Figure 1. Peak identifications listed in Table I1 were made by comparison of retention times with 
the PAH standard and by fraction collection combined with heated probe/mass specuometry. The 
use of the latter method was deemed necessary, because many peaks did not have retention times 
that coincided with those of compounds in the standard, notably the alkylated PAHs. 

In general, the HPLC traces are characterized by both sharp peaks identified in Table I1 and 
broad regions representing unresolved components. The broad region of unresolved peaks 
between 0 and 20 minutes is constituted predominantly by two and three ring aromatics as 
determined by mass spectrometry. Most of the compounds are alkylated PAHs having very similar 
UV spectra, and some compounds are alkylated hydronaphthalenes. The second broad region of 
absorbance extends from 20 minutes retention time through to the end of the run, containing multi- 
ring PAHs and alkylated PAHs having from three to nine condensed rings. The most notable 
peaks (7, 8 and 9) are those of pyrene and its multialkylated homologs, the internal standard, 
benzo@)fluoranthene (peak 1.1). benzo(g, h, i)perylene (peak 12). and coronene (peak 16). 

We can ascnbe several important features to each chromatogram, but basically three samples 
(sample 1 and sample 2). the pressure filtered liquids, show very similar characteristics and differ 
markedly as a group from the chromatograms of the composite heavy distillates, samples 4 and 5. 

Although the three. pressure filtered liquid (PFL) samples from the HRI facility generally 
show similar features, there are subtle differences in the relative distributions of compounds 
reflecting process conditions. The chromatogram of sample 1, a PIT from the liquefaction of the 
Wyodak/Anderson coal, differs from those of sample 2 and sample 3 which were obtained from 
liquefaction conditions using the Illinois #6 coal as feedstock. While pyrene and alkylated pyrenes 
are major components of all three samples, the two process streams from the Illinois #6 coal 
contain relatively larger amounts of PAHs with more than four rings, compared with the sample 
from the WyodaklAnderson coal. This is perhaps due to the fact that the Illinois #6 coal is of 
higher rank. All three samples contain significant chromatographic intensity in the two broad 
unresolved regions described previously. Compared with sample 3, sample 2 appears to contain 
more intensity in the broad unresolved region in the early eluting portion of the chromatogram 
ascribed to two and three-ring PAHs. This could indicate that there is a relative build up of more 
refractory multi-ring material as Run CC-16 progressed. 

The chromatograms (maxiplot) for the two high temperature distillates shown in Figure. 1 
differ from the chromatograms of pressure filtered process streams in that they contain a 
predominance of compounds with generally fewer than five rings and virtually no compounds with 
more than five rings other than coronene. This data is consistent with the gc/ms data presented 
elsewherelf. The dominant peaks are those of pyrene and its alkylated homologs (peaks 7 and 8) 
and dihydro-benzopyrene and its alkylated homolog (peaks 9 and 10). Wyodak coal (sample 5 )  
appears to yield a higher proportion of dihydro-benzopyrene than Illinois #6 coal (sample 4) in its 
high temperature distillate. This is also consistent with the gc/ms data13. Unresolved components 
dominate the early part of the chromatogram but not the later retention time range. Unlike the 
pressure filtered process streams, the distillates contain no significant "hump" for unresolved 
components between retention times of 40 and 80 min. Obviously, the samples from the 
Wilsonville facility, comprised of distillates boiling below 85OOF. contain lower boiling PAH's, in 
contrast to the samples obtained from the HRI facility which were not subjected to distillation. 
This is also demonstrated by the solubility data (Table I), in that samples 1.2, and 3 have lower 
solubilities, consistent with higher molecular weight components, compared to the higher 
solubilities of samples 4 and 5 ,  consisting of lower molecular weight components. 

Table II contains the quantitative data for the five samples. As mentioned above, the 
dominant compounds exist as 1-3 ring aromatichydroaromatic compounds of undetermined 
structure. These account for more than half of the products detected. Other multiring PAHs 
individually account for between 0.05% and 1.3 % of the sample weights of the samples 1-3. 
Summing of the concentrations of peaks 1-19 in each chromatogram for samples 1-3 reveals that 
18% to 32% of the sample weights can be accounted for as detected PAHs. Samples 1 and 2, 
fdtered process streams from two different coals at the HRI facility, appear to have similar overall 
concentrations of PAHs, even though the distributions are slightly different as mentioned above. 
The difference between samples 2 and 3, from the same coal, appear to be related to changes in 
process h e ,  since they represent samples taken from different days. Samples 4 and 5, from 
the Wilsonville reactor, appear to have significantly lower concentrations of all detected 
compounds, ranging from 0.007% to a maximum of 2.3%. The significant decrease in 
concentrations compared to the samples from the HIU facility is indicative of the differences in 
liquefaction methodology. Not only are the yields of PAHs lower, but the distributions are 
different, as discussed previously. The low yields initially seemed puzding, but examination of 
the gdmS data presented in a previous rep01-t'~ indicates that significant amounts of unresolved 
complex materials having intense m / z fragment ions characteristic to structures of CnH2".3 are 
present. It is likely that the parent compounds of these fragment ions do not yield significant 
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absorptions in the W range, thus, explaining why they remain undetected by the HPLC method. 
If the compounds am. undetectable by UV-absorption, then they fall out of our analytical window, 
a pitfall for this method. 

CONCLUSIONS: 

me results outlined in this report from experiments performed in our laboratory have 
proved very encouraging. w e  were successful in the separation, characterization, and 
quantification of PAHs of a limited series of select samples which depict a broad range of 
liquefaction process conditions, using a newly developed normal-phase HPLC column, the 
Hypersil PAH-2, coupled with a W-diode array detector. We feel this method has great potential 
for the Characterization of liquefaction process streams dong with other extracts of natural products 
containing high concentrations of PAHs. The success of this method was based on the fact that it 
enabled us to identify both qualitative and quantitative differences among the limited sample set. 
Perhaps the most readily observed differences are noted between samples obtained from the HRI 
facility and the Wilsonville facility. Thus the technique can readily distinguish between sample 
types from these two liquefaction facilities, regardless of the feed coal used. Those compounds 
detectable by HPLC from the Wilsonville samples, 8500F distillates, appear to be of lower ring 
number than samples from the HRI facility, whose samples are composed of the whole process 
stream. 

The HPLC method also allows differentiation among samples from the same facility but 
differing in their process conditions. For example, a different disuibution of PAH's was obtained 
from the process stream samples in which different coal feedstocks were used. The sample 
liquefied from the Illinois #6 coal appears to have a higher amount of the multi-ring PAH's than the 
sample from the Wyodak, consistent with the fact that higher rank of coal is more likely to yield 
more of the higher condensed ring compounds. Another difference between samples indicative of 
differences in process conditions is that between samples 2 and 3. The former contains a 
significantly greater concentration of PAH's and, as a result, more of the sample can be quantified. 
The PAH distributions are similar, in a relative sense, which is indicative of the fact that the entire 
spectrum of PAH's is being reduced by the processing and could indicate a build-up of more 
refractory material as the run progressed. Subsequently, time resolved differences induce an 
overall decrease in PAH levels, which could be related to increased hydrogenation of the rings due 
to increased exposure to liquefaction conditions or to deactivation of the catalyst 
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Table I: General information including percent solubilities for 
samples 1-5. 

2 

3 

4 

5 

I I I I I I \'"I II 

92.9 I PFX HRI CC-16 Illinois filtered 
4 No. 6 process 

S t r e a m  

PFL HRI CC-16 Illinois filtered 92.6 
13 No. 6 process 

S t r e a m  

V-1067Dist. W 257 Illinois heavy 96.8 

V-1067Dist W 262 heavy 97.6 

Composite No. 6 distillate 

composite "LY distillate 
Anderson 

PFL HRI 02-15 Wyodak filtered 91.7 
11 and process 

Anderson stream 

1) PFL = pressure filter liquid; V-1067 Dist. = 8500F- distillate of second-stage 

2) HRI = Hydrocarbon Research Inc.; W = Wilsonville 
flashed bottoms 

Table 2: Assignments and weight percents for peaks labeled in Figure 1 

* = predominant contributor 
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Figure 1. Maxiplots of the HPLC chromatograms for four of the five samples examined. 
Sample #3 is not included because its chromatogram is similar to that of Sample #2. 
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MOLECULAR BEAM MASS SPECTROMETRIC CHARACTERIZATION OF 
BIOMASS PYROLYSIS PRODUCTS FOR FUELS AND CHEMICALS' 

F.A. Agblevor, M.F. Davis, and R.J. Evans. 
National Renewable Energy Laboratory, 
1617 Cole Boulevard, Golden, CO 80401 

Key words: Biomass pyrolysis, multivariate analysis, molecular beam mass spectrometry. 

ABSTRACTS 

Converting biomass feedstocks to fuels and chemicals requires rapid characterization of the wide 
variety of possible feedstocks. The combination of pyrolysis molecular beam mass spectrometry 
(Py-MBMS) and multivariate statistical analysis offers a unique capability for characterizing these 
feedstocks. Herbaceous and woody biomass feedstocks that wert harvested at different periods 
were used in this study. The pyrolysis mass spectral data were acquired in real time on the 
MBMS, and multivariate statistical analysis (factor analysis) was used to analyze and classify Py- 
MBMS data into compound classes. The effect of harvest times on the thermal conversion of 
these feedstocks was assessed from these data. Apart from sericea lespedeza, the influence of 
harvest time on the pyrolysis products of the various feedstocks was insignificant. For sericea 
lespedeza, samples harvested before plant defoliation were significantly different from those 
harvested after defoliation. The defoliated plant samples had higher carbohydrate-derived 
pyrolysis products than the samples obtained from the foliated plant. Additionally, char yields 
from the defoliated plant samples were lower than those from the foliated plant samples. 

INTRODUCTION 

The U.S. Department of Energy has embarked on a major program to explore alternate energy sources 
including biomass. Biomass is an attractive alternative energy source because if energy crops arc managed 
sustainably. a fuel cycle rcsults that will contribute little or no net greenhouse gases to the eanh's 
amosphere. Biomass feedstocks v"y considerably in source and composition and some examples of 
biomass feedstocks are waste woods from the pulp, paper and lumber industries; demolition wood from 
urban areas; and agricultural residues and cultivated herbaceous and woody energy crops. It is projected 
that biomass energy could contribute 11 quads of the United States' energy requirement if all the biomass 
resources an: fully developed [I]. 

To embark on a large scale production of biomass energy, the quality of the fccdstock, that may be 
influenced by the time of harvest, must be assessed. Seasonal variations give rise to changes in nitrogen, 
minerals and carbohydrate content of the plants [2]. These changes in tum influence the pyrolysis 
pathways of the biomass feedstocks. Low alkali metal content of biomass species promotes cellulose 
decomposition pathways that favor levoglucosan formation whereas the high ash content of biomass favors 
hydroxyacetaldehyde and char formation reactions [3]. Similarly, a high nitrogen content of biomass 
favors char formation bccause of interaction between the amino acids and carbohydrate decomposition 
products [4]. Thus by judiciously selecting the harvest time of the biomass, it may be possible to 
influence the pyrolysis products of the feedstock. 

In addition to feedstock quality, the conversion technology is equally important for a successful biomass 
energy program. Several technologies including pyrolysis, gasification. liquefaction and biochemical 
conversion are currently under development. Fast pyrolysis technologies are receiving considerable 
anention because they can produce a more dense and easily transportable fuel compared to the original 
feedstock. The pyrolysis oils can conceivably be used as a chemical feedstock for other processes. 

Efficient pyrolytic conversion of biomass to fuels and chemicals requires a thorough understanding of the 
pyrolysis process and an efficient tool for analyzing the pyrolysis products. The molecular beam mass 
spectrometer (MBMS) is a unique tool that is capable of analyzing biomass pyrolysis products in real time. 
However, the MBMS alone offers only qualitative and semiquantitative capability, but when combined 
with multivariate statistical analysis, it offers a powerful tool to analyze blomass and other pyrolysis 
products. 

' This paper will be published as a preprint of the ACS Fuels Division Meeting, August 
21-26, 1994, Washington D.C. 
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In this paper, we discuss the application of MBMS and multivariate statistical technique in the 
classification and analysis of biomass feedstocks harvested at different periods. The influence Of harvest 
time on the pyrolysis products of the feedstocks is discussed. The goal of the study is to develop a rapid 
method for characterizing biomass and other feedstocks pyrolysis products. 

MATERIALS AND METHODS 

pyrolysis of Biomass Feedstocks 
The biomass feedstocks used in this study were supplied by subconlraclors or the National Renewable 
Energy Laboratory (NREL), Bioiuels Program. The following feedstocks (harvested in various parts of 
the Contiguous USA) were used in this study: hybrid poplar (Populus deltoides x nigra var. Caudina). 
sericea lespedeza (Lespedeza cuneata var. Serala), black locust (Robina pseudoacacia L.), and switchgrass 
(Panicum virgatum L.). Hybrid poplar samples were harvested from section # I  1 of Rocksburg Township, 
Pennington County, MN in November 1991 and March 1992; sericea lespcdcza samples were harvested 
in October and December 1992 and black locust samples were harvested from 9-year-old plants at the 
Hind's Research Farm near Ames, I A  in the fall of 1991 and spring 1992. Switchgrass samples wcre 
harvested from a 6-year-old stand located on the Koemel ranch 7 km south of Stephenville, TX in October 
1991 and August 1992. About Ikg of each feedstock was shipped to NREL whcre they were prepared 
for pyrolysis. The feedstocks were air-dried at room temperature for 4-7 days to facilitate milling because 
wet samples tend to heat up during milling. The samples were milled in a Wiley mill (Model 4) until all 
the material passed through a 2 mm screen. The ground materials were then sicvcd to -20/+80 mesh size 
and riffled to homogenize them. We stored the sieved samples in freezers until such time the analysis 
were performed. The moisture content of the feedslocks prior to pyrolysis was 57%. 

Biomass samples (20-30 mg) were weighed in quam boats in triplicates and pyrolyzed in a quench 
pyrolysis reactor. The reactor consisted of a quartz tube (2.5 cm inside diameter) with helium flowing 
through at 5 L h i n  (at STP). The reactor tubc was interfaced with the orifice of the molecular bcam mass 
spectrometer (MBMS). Extrelm Model TQMS C50. for pyrolysis vapor analysis (see detailed description 
of the MBMS in [51). The reactor was electrically heated and its temperature maintained at 55035 'C. 
The temperature profile of the biomass samples once introduced into the reactor, is unknown, although 
the pyrolysis reaction was completed in 50 s. Total pyrolysis time was 90 s (including the time the 
quam boat heats up to 550"C), but the residence time of the pyrolysis vapors in the reactor pyrolysis zone 
was -75 ms and this prevented secondary cracking reactions. The pyrolysis vapors were sampled through 
the MBMS orifice in real time. During thc sampling process, the pyrolysis vapors underwent free-jet 
expansion during their passage through the orifice and this sufficiently cooled the pyrolysis vapors to 
prevent secondary reactions or condensations. The cooled pyrolysis vapors passed through a skimmer to 
form a molecular beam that was fed to a 22.5 CV electron impact ionization triple quadrupole mass 
Spectrometer for real time analysis. Mass spectral daw for 15-300 Da were acquired on a Teknivcnt 

Multivariate Analysis of Data 
Mass spectral data acquired from the pyrolysis process were analyzed by multivariate statistical techniques. 
The data were first normalized to the total ion current to account for the sample sizc variation. Data 
reduction and resolution were carried out on the normalized data using the Interactive Self-modeling 
Multivariate Analysis (ISMA) program. The correlation amund the mean matrix was used to select the 
significant number of factors for resolution of the mass spectral data into compound classes (see details 
of this methodology in [6]). In this method, the data set was mean-centered by subtracting the mean from 
each mass variable. Each variable was weighted by its standard deviation so that all masses (both large 
and small) were equally important. This method was used to show the differenccs between the pyrolysis 
products of the biomass species and the influence of harvest time on the samples. On the other hand, the 
correlation around the origin matrix was used to extract the relative fractional concentration of compound 
classes in the biomass pyrolysis products. In performing factor analysis around the origin, the absolute 
magnitude of the relative abundance for each mass variable was also factor analyzed. However, each 
variable is weighted by the standard deviation so that each mass is equally important in this method as 
weU. This is in contrasl to factor analysis around the mean where only the differences between samples 
are used for factor analysis. The latter technique is used when only differences between samples are 
needed, while the former is used when fractional concentrations of components are to be determined. This 
can be confusing to the reader who is accustomed to factor analysis around the mean and viewing plots 
of factor score 1 versus factor score 2. When factor analysis around the origin is used, this same 
information is contained in factor scores 2 and 3, and factor score 1 contains the information about the 
mean of each variable. The number of factors selected for the analysis was limited to significant factors 
(eigenvalues >l).  Factor scores from the analysis were presented in two-dimensional plots to show 
compositional differences between various biomass materials. Materials with similar mass spectral 
intensities form clusters in the factor space. The factor analyzed data were resolved into three components 
corresponding to lignin, hexosans and pentosans. These resolved pyrolysis products of the biomass 
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feedstocks were used to determine the influence of storage time on the composition of the biomass. 

RESULTS AND DISCUSSION 

Pyrolysis-molecular beam mass spectra (Py-MBMS) for the different biomass materials (hybrid poplar. 
black locust. sericea lespedeza, and switchgrass) that were harvested at two different times of the year 
show visual similarity for all the species except sericea lespedeza. The Py-MBMS spectra can be divided 
into three main classes representing pentosans with typical m/z 43, 85.96, and 114: hexosans with typical 
m/z 31, 60, 73. 97, 126. 144, and 162; and lignins with typical m/z 124, 137, 150, 154. 167. 180, 194. 
210. and 272. A small region. which is typical of phenolic estcrs and phenylpropane lignins (m/z 94, 120. 
and 150). is prominent in the switchgrass pyrolysis mass spectra. 

The influence of harvest time cannot be readily discerned from visually inspecting most of the spectra of 
the feedstocks (see Figure l a  and Ib) except by multivariate stalistical analysis. In the case of sericea 
lespedeza. the Py-MBMS from the two harvests are visually discernible (see Figure 2a and 2b). In Figure 
2b, the pyrolysis products that derive from the carbohydrates are higher for the Dccembcr harvest 
compared to the October harvest. 

The Py-MBMS spectral data were funher analyzed using the ISMA program to highlight thc differences 
between the harvests. The analysis of the mass spectral data wing the correlation amund the mean matrix 
indicated that 87% of the variancc in the data sct could be explained using four factors. The four fmors 
were used to perform factor analysis using a correlation around the origin matrix. The factor-score plot 
(Figure 3a) showed four main groups corresponding to hardwoods, switchgrass. the October sericea 
lespedeza harvest. and the December scricea lespedeza harvest. The repeatability of the pyrolysis runs 
is indicated by the triangles in the factor score plot. The variance diagram in Figure 3b also confirms the 
clusters in the factor score plot. 

The different clusters shown in the factor space for the two sericca lespedeza harvests suggests that the 
pyrolysis products of these two feedstocks are different. The major difference between the pyrolysis 
products of the two harvests is the carbohydrate component of the feedstocks. The resolution of the 
pyrolysis spectra showed a relatively high concentration of Carbohydrate component in the December 
harvest of the sericea lespedeza compared to the October sericea lespedeza harvest. This observation is 
similar to the seasonal carbohydrate cycles noted in deciduous trees in the temperate climate. 
Carbohydrate contents of stems and branches of deciduous trees are maximized near the time of lcaf fall 
and stan to decrease in late wintcr [Z]. Although sericea lespedeza is technically not a uee. it is a woody 
shrub that defoliates in the fall like the deciduous trees. It is probable that the total reserve carbohydrate 
accumulation in this shrubby species follows a similar cycle to those observed for the trees. 

In addition to the high carbohydrate content of the Deccmbcr sericca lespedeza harvest. the char produced 
during the pyrolysis was lower (16.2f1.08) than that for the Octobcr scricea lespedeza harvest 
(21.4f1.0%). The difference in char yields was attributed to thc significant differences bxwccn thc 
nitrogen and ash contents of the two harvests. The Octobcr sericea lespedeza harvest had a high leaf to 
stem ratio (0.26) and consequently a high nitrogen content (1.14f0.10%) compared to thc Dcccmbcr 
sericea lespedeza harvest that was defoliated and had a nitrogen content of 0.75fO.I0%. The ash contcnts 
of the October and December scricea lespedeza harvests were 2.lf0.3 and 1.3i0.42 respectively. Both 
the nitrogen and ash components of the biomass are known to promote char formation. Nitrogen 
compounds are known to react with carbohydrate decomposition products during the pyrolysis process 
resulting in char [4J. 

For switchgrass samples, although thc repeatability triangles do not overlap, the differences between the 
pyrolysis products of the two harvcsts appear to be very small and statistically insignificant. The factor 
analysis of the data indicates that the switchgrass samples have a higher conccntration of components that 
are rich in m/z 120 and 150 compared to thc sericca lcspedcza and the woody species. These masses 
derive from phenolic ester units known to occur in grass lignins. Nitrogen (0.59i0.08 and 0.56f0.066%) 
and ash (5.2f0.4 and 4.8f0.2) contents of the two harvcst were similar, and hencc char yields from both 
harvests were very similar (18.6f0.3 and 18.4fl.4 %). 

Py-MBMS and factor analysis of thc woody biomass species (black locust and hybrid poplar) indicated 
that there are no significant differences in thc yield of pyrolysis products bccausc of harvest timc. Thc 
repcatability triangles overlap as shown in Figure 3a. The variancc diagram also indicatcs that the 
hardwoods are richer in lignin components compared to the non-woody species (switchgrass and scricca 
lespedeza). The woody species have very strong peakintensities at m/z 138. 154, 167. 180,194, and 210 
which are typical lignin decomposition products. Nitrogen and ash contcnts of the woody species from 
the two harvests wen: very similar and hence thc char yields were also very similar. Although seasonal 
variations in minerals, nitrogen, and rescrvcd carbohydrates contents have bccn reponcd for hardwoods, 
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*e influence of these changes on the pyrolysis products of the woody biomass feedstocks analyzed by our 
method appear to LX minimal. 

CONCLUSIONS 

The multivariate analysis of the biomass feedstocks studied shows that the influence of harvest 
time on the composition of the biomass pyrolysis products is only significant for the herbaceous 
biomass feedstock (sericea lespedeza). The pyrolysis products of woody biomass feedstocks 
appear to be less affected by the time of harvest. Thus, for fuel production from sericea 
lespedeza this factor must be taken into account. Small changes in the biomass feedstocks can 
be detected by MBMS and their subsequent influence on converting the feedstocks to fuels and 
chemicals can be assessed. The Py-MBMS technique for analyzing biomass feedstocks has some 
advantages over conventional chemical analysis in that sample preparation is minimal, very small 
samples are required for analysis, pyrolysis time is very short, and the pyrolysis data is acquired 
in real time. This technique may also find application in coal and other fossil fuel analysis. 
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Figure 1. Pyrolysis mass spectra of hybrid poplar. Note the strong similarity in the spectra of 
a) the November harvest, and b) the March harvest. 
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Abstract 
In previous studies, we showed that subbituminous coals treated with CO and water 
in the presence of a base (NaOH, Na,CO,) at mild temperatures (300 OC) produced an 
improved liquefaction feed material. In this reaction coal undergoes significant 
structural modification as observed by the increased THF and pyridine solubility, lower 
oxygen content and higher atomic H/C ratio relative to  the raw coal. In this paper, we 
discuss the impact of the water-gas-shift (WGS) reaction on the coal reaction. Strong 
correlations were found over a wide range of reaction conditions between THF solubility 
of the pretreated coal and both CO conversion and amount of hydrogen consumed. The 
effect of various sodium and ammonium salts on the reaction is discussed. 

Introduction 
Fischer and Schrader,’ pioneered the liquefaction of coal with CO and water. Appell 
and Wender’ in the late 60’s revived interest in this approach as an alternative method 
for directly producing hydrogen in the liquefaction reactor. This led to  the CoSteam 
process for liquefying low rank coals. Since then, the application of CO and water for 
liquefying various materials and the effect of added catalysts on these reactions have 
been widely ~ t u d i e d . ~  The addition of a strong base t o  this system significantly 
improves the conversion of coal to  liquid  product^.^ In recent years, CO and water has 
been used to  treat coal to  enhancing its conversion during liquefaction and improve the 
product mix.6.6 This treatment results in chemically and structurally modifying the coal 
to produce an improved feed material. 

The chemistry of the WGS reaction and the intermediates involved in the reaction are 
complex. Various mechanisms and intermediates have been proposed for coal 
conversion using CO and Recently, Horvath et  al.’ provided evidence for the 
formation of formate ion at liquefaction temperature when they reacted coal with CO 
and water at 400 “C in a specially fitted 13C NMR spectrometer. At significantly lower 
temperatures (200 OC and below), King e t  al.”showed that CO reacts rapidly with KOH 
to quantitatively form potassium formate. They showed that the production of 
hydrogen from the WGS reaction at these temperatures is catalyzed by the addition of 
a catalyst precursor such as Mo(CO),. In the absence of a suitable catalyst, the 
formate ion is relatively stable up to 300 ‘C.” Above 300 “C formate decomposes 
mainly to  CO and H, and partially undergoes dehydration to  form CO. From the 
l i t e ra t~ re ,~ .~ ,~? t  is evident that the success of liquefaction with CO and water has been 
attributed to the intervention of the formate ion. In this paper we present results to 
show the effect of the WGS reaction on the reaction of coal with CO and water at 
rather mild temperatures at or below 320OC. 

Experimental 
- Wyodak coal from the Black Thunder (BT) mine in Wright, Wyoming, was 

ground to  -200 mesh, riffled and stored in tightly sealed containers. Ultimate analyses 
was as follows: carbon, 73.9%; hydrogen, 5.2%; nitrogen, 1.3%; sulfur, 0.6%; 
oxygen, 19.0%0 (by difference). Ash content on a dry basis was 6.12 wt%. All 
results are expressed as weight percent, moisture and ash-free coal (maf). 
Reaction Conditions - Experiments were conducted in a 25 ml micro-reactor by adding, 
per gram of maf coal, up to 3 g of water and 0.06 to  1 .O mmol of promoter salt (NaOH, 
Na,CO,, NaCI, NH4N03). The reactor was pressurized with CO (300-800 psig) and 
heated to 250 to 320°C a fluidized sandbath. The reactor was agitated at  a rate of 400 
cycles/min for periods between 30 min to two  hours, and then rapidly quenched to 
room temperature. Gaseous products were collected and analyzed by gas 
chromatography. Solid and liquid products were recovered from the reactor using 
distilled water, filtered, and dried. Water-insoluble materials were separated by 
extracting with THF in a Soxhlet thimble for 18 hours and drying overnight at 80 OC at 
16 kPa. The THF solubles were concentrated by removing excess THF. A 50:l excess 
volume Of pentane was added and the pentane insoluble material was filtered and dried. 
Only a very small amount of pentane soluble material was recovered which represented 
only a small proportion of the overall products, particularly when high CO pressures 
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were used.6 In coal reactions with a promoter and in the absence of CO or at low co 
Pressures (400 psig and below), soluble humic acids were recovered from the aqueous 
phase by precipitating the colloidal material with HCI (pH 1-21 followed by 
centrifugation and drying. The acidified aqueous layer was further extracted with ether. 
Total mass recovery, on a maf basis, was typically 90% or better at or below 300 "C 
and between 80-85% at 320°C. THF solubility of the solid products after pretreatment 
is defined as the proportion of material soluble in THF plus any humic acids, if present. 

Results and Discussion 
Water-Gas-Shift Reaction. Total COX recoveries from coal treatment runs with CO were 
typically greater than 98% and included unreacted CO, gaseous and dissolved CO,, and 
formate ion present in the aqueous phase. For those reactions to  which NaOH was 
added. the concentration of dissolved formate, which was based upon the equivalents 
of Na present, accounted for 4% of the total CO feed. No correction was made when 
any of the other salts were used in these reactions. Dissolved CO, in the aqueous 
phase, calculated at ambient temperature following Henry's law, accounted for only 1 % 
of the total CO feed. CO conversions increased with temperature, with the maximum 
conversion of 34% being observed at 350 'C, which was equivalent to  conversion of 
7.5 mmol of CO per gram maf coal feed. 

For a 20% conversion of CO, the theoretical amount of hydrogen produced from that 
portion of the CO that was converted to  CO, via the WGS reaction was equivalent to 
4.5 mmol/g maf coal. Addition of a promoter increases CO conversion significantly, but 
these values are low relative to the thermodynamic equilibrium value. Recovery 
efficiencies of H, were quantitative when coal was absent but decreased sharply in the 
presenceof coal. The missing H? presumably was incorporated into the treated product 
and is reported as H, consumption in mg H,/g maf coal. 

Conversions of CO in aqueous solutions containing up to  2 mmol NaOH per 45 mmol 
CO were determined over a temperature range from 250 to  350 "C for a one hour 
reaction period (see Table 1 ). In the absence of NaOH, only 1 % of the CO is converted. 
In the presence of NaOH, conversions increased steadily with temperature. Doubling 
the reaction time from one hour to 2 hours increased conversion by about 25% at 300 
"C. However, under no circumstances were CO conversions equal to those that were 
reported previously for similar reaction conditions ( -80%)  attained in this study.8 

In the presence of coal at 300 OC, 10% CO was converted in 1 hour (see Table 2). 
This level of conversion was significantly greater than the 1 % observed in the absence 
of coal. When both NaOH and coal were present, 20% of the CO was converted which 
equalled that observed in aqueous NaOH in the absence of coal. The increase observed 
with coal, but in the absence of base, suggests that the cationic component in the coal 
may be acting as a weak promoter. This increase is still much less than observed with 
added NaOH, since coal added to caustic solution gave no additional CO conversion. 
The data indicate that reaction time is a strong dependent variable for converting CO. 
Conversion progressively increased over a period from 30 to  90 min from 12 to 23%, 
as shown in Table 3. Other salts also promote the WGS reaction. CO conversions in 
the presence of coal at 300 "C with added sodium carbonate, bicarbonate and chloride 
were 17. 21 and 16%. respectively. Since CO conversion occurs equally well in the 
presence of sodium chloride, obviously a basic system is not necessary for initiating CO 
conversion. Ammonium nitrate appears not to be a significant promoter for CO 
conversion, possibly because it decomposes at approximately 250 O C .  

Coal Reaction. Treating Wyodak coal in COINaOHIwater at 300 O C  results in a 8 to  13 
wt% decrease in the amount of solid material, as shown in Table 3. In the absence of 
CO or at lower CO pressures. a small amount of humic acids are also found in addition 
to a trace of ether soluble material. Only trace quantities of hydrocarbon gases are 
produced during the treatment. The major part of the decrease in weight is due to 
elimination of water and carbon oxides. The sizable increase in THF solubility of the 
treated material both in THF and pyridine indicates that significant modification has 
occurred to the coal structure. The solubility behavior of this THF material indicates it 
is almost completely pentane insoluble. Although the presence of NaOH is not 
necessary for achieving a reasonably high THF solubility in the water-insoluble product, 
there is improvement when it is present. However, the absence of CO has a much 
more dramatic affect on the reaction. The solubility in THF of the water-insoluble 
material obtained from hydrothermally treating the coal at 320°C in the absence of CO 
was only 11 %. The water-insoluble material from the hydrothermal treatment in the 
presence of added NaOH at 320 "C was 9% soluble in THF. In the case of the NaOH 
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treatment 4 w t% humic acids and 1 wt% ether solubles were formed. 

The amount of hydrogen that could not be accounted for in the material balances from 
these various CO treatments is presumably consumed by the water-insoluble product. 
The amount increased with increasing reaction time as well as temperature. For 
reaction periods from 30  to  90 min, the level of hydrogen incorporation in the product 
ranged from approximately 0.4 w t% up to 0.7 wt%, which is consistent with increases 
reported previously.6 

Other salts also promote the conversion of CO, as well as produces a water-insoluble 
material having increased THF solubilities, as shown in Table 2. The THF solubilities 
of the water-insoluble materials from the sodium carbonate, bicarbonate and chloride 
promoted reactions were similar in magnitude to the amount of THF soluble material 
obtained when using NaOH. Ammonium nitrate, however, gave a material that was 
only 10% soluble. It is not entirely clear why NH,NO, should give a lower THF 
solubility, even though it decomposes above 200 O C  (m.p. 172°C). The hydrothermal 
reaction with CO should still result in a sizable improvement in the THF solubility of the 
water-insoluble product. 

At high CO pressures, the total amount of coal derived material that is soluble in THF 
is equal to the THF solubility of the water-insoluble product. In the absence of CO or 
at low CO pressures, however, the total amount of THF soluble material derived from 
the coal includes humic acids and ether soluble material. A plot of total THF solubles 
versus the amount of converted CO from both current, as well as previously reported 
results, is shown in Figure 1. In these runs, Wyodak coal was treated at different 
temperatures, at different CO pressures, with different amount of water, and with 
different salts at different salt concentrations. The plot indicates a strong correlation 
exists between these variables. 

A plot of THF solubility versus H, consumption also shows a strong correlation with an 
apparent intercept that approaches the origin (Figure 2). This parallel between THF 
solubility and H, consumption and the close approach of the H, intercept to  the origin 
indicates that addition of hydrogen during treatment of the coal must be highly efficient. 

Conclusions. The presence of sodium hydroxide, carbonate, bicarbonate and chloride 
salts promotes the conversion of C.0 at temperatures between 250 and 350 'C. Coal 
also promotes CO conversion but to a lesser extent than the sodium salts. The addition 
of Wyodak coal to  these systems results in a water-insoluble material that is 
significantly more soluble in THF. Correlations were found between both the level of CO 
conversion and H, consumption and the THF solubility of the water-insoluble product. 
The close approach of both of these correlations to  the origin is an indication of the high 
H, utilization efficiency of this treatment reaction. 
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I 

Reaction Time, min 

COX recovery, mol% 

CO Conv, mol% 

CO Converted, mmolIg maf coal 

Missing H,, % theoretical 

WIbProduct, wt% maf coal 

H, Consumption, wt% maf coal 

Solubility of Wi in THF. wt% 

\ 

30 60 90 

98 ' 100 100 

12 20 23 

2.4 4.0 4.0 

70 86 84 

0.33 0.63 0.68 

91 92 87 

20 28 26 

I 

~~ 

Table 2. Effect of Promoter Salt on Treatment of Wyodak Coal' 

a. 300 "C, 800 psig CO cold (approx. 20 mmollg maf coal), 3 g waterlg maf coal. 
b. WI = water insoluble product 
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NH4N03 800 300 

a. Water added at 3 glg maf coal. 
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Introduction 

The i*npetus for the replacement of petroleum-derived 
diesel fuels ,whether wholly or partially,arises from the need to 
conserve a non-renewable energy resource and because of the 
significant pollutants generated by their combustion.However the 
use of bio-mass derived fuels may also offer strategic and 
economic advantages. 

The majority of the world's energy resources occur in nature 
as solids e.g coal and various biomass and waste rnaterials.Bio- 
fuels such as wood ,charcoal and agricultural residues are a major 
source 01 energy in many of the developing countries providing as 
much as 14% of the current world energy requirements.This is 
eqivalent to some 25 million barrels of oil a day,the same as 
OPEC's current production(*).Worldwide there is substantial land 
potentially available for growing energy crops. 

'l'he possibilities lor diesel fuel replacement are; 
i Complete replacement by a witable vegetable oil e.g. rape 

seed oil ( 2 )  , soya bean oil (31, esterified sugar beet 
exract (4).Some research is also in progress into the 
use of elephant grass oil (bliscanthus)(s). 

ii Partial replacement by blending diesel with 
vegetable oils in varying proportions up to 20% by 
weight(6). 

iii Partial replacement by blending with an aqueous 
suspension of a non-renewable fossil fuel e.g.coal(7). 

iv CompleLe replacement by a slurry of coal in vegetable 
oil. 

v Complete replacement by a 100% bio-renewable 
ultracarbofluid. This could comprise some formulation 
of water, charcoal , and a vegetable derived oil. 

The research surnmarised here is concerned with the  last 
alternative. 

Biomass-Derived Ultracarbofluids 

or 

Typically biomass derived ullracarbof]uids consist of 
charcoal 45%-54%,oil-blend 16%-29%, water 30%-3 j%,  surfactant 
1% PIUS corrosion inhibitors etc in trace amounts. 

The solid constituent is of necessity rinely-divided and in 
practice IWedS 1 0  be ground to < 20pm particles in order to 
minimise erosion in the fuel system i.e transfer lines and 
injectors.ClearIy low ash charcoal is preferable for optimum 
energy efficiency but also mainly to keep residue build-up in the 
engine 10 a minimum.The higher the proportion of charcoal in 
blend the greater the gross energy output. 
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The possible replacement of the fuel oil fraction ,typically 
15% to 30%,by a bio-renewable vegetable oil is of considerable 
interest.Severa1 commercially available oils have been tested as 
fuel components.lhing ordinary vegetable oils as fuel usually 
results in problems with severe engine deposits,ring sticking 
,accumulation of deposits on  injector nozzles and lubricant 
contamination ..For this reason vegetable oils for use as fuel or 
fuel component have to be modified by trans-esterification. 
Rapeseed methyl ester shows great potential for use as fuel or  as 
a fuel component for diesel engines. 

The ultimate test for any fuel is to determine how well it 
burns over long periods of time, and the impact of its use on the 
combustion system and auxilliary equipment.However any blend 
can, of course, be characterised by conventional property 
measurements Le viscosity,cctane number,grossheat combustion , 
cloud point, flash point, density, particle size and ash content. 

Ucf PeCormance 

Coal-water slurries have been studied extensively as 
fuels.lnitial results confirmed that  the main problems 
encountered when using coal-water slurries are,with fuel injection 
system operability, wear and poor combustion efficiency of the 
coal particles. 

However, improvements have been recently been reported 
in reduced wear of injection components,by the addition of 
lubricant (8). 

Uio-ul tracarbofluids 

Initial research on bio-ultracarborluids utilised a 4-stroke 
single cylinder,indirect injection diesel engine with speed range of 
650-800 rpm . The optimum perfomance has been achieved using 
coal 40%,water 30%, fuel oil 29%, additive 1%. The operating 
variables were; 

-coal particle mean diameter : 

-injection timing : 

-injection pressure : 12.5 MPa 

-intake air temperature : 

-intake air pressure : 0.22MPa 

Specimen results in comparison with Esso diesel 2000 fuel oil are 
given in Fig 1. 

8 pm 

42 degrees BTDC 

313 K 
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Figure 1: Energy consumption as a function of delivery power 

'rhe present research utilises a 4-stroke, 2 cylinder 600cc 
Lis cc r- I)e t t e r d i ese I en g i n e .A I I e en  a n  I: ro u d e 11 y d r au I ic 
dynaniotneter is connected to the engine, as are auxilliary data 
collection apparatus as shown diagrammatically in Fig. 2. 

'rhe 1 uel lorn~ulation under iiivestigalion are based upon 
rape seed oil , peanut oil or sugar beet extract oil. Three dilferent 
types o l  charcoal are under test. Also three dillerent surfactants 
have been evaluaied.In each case perforniance is compared with 
that ol standard Esso diesel 2000. 
The data obtained are: 

engine torque exhaust teinpcrature 
fuel consumption oil temperature 
air consumption coolant teniperature 
speed air Lemperature 

Exhaust emissions are continuously monitored for levels of c02,cO 
and 1 IC's levels. 

Figure 2: Engine Tesl Rig 



Economic$ 

'I'he Luropean Community's interest in bio-luel arises in part 
rronl the Conlmon Agriculture Policy (CAP).Farming a t  the present 
represents nearly 5% of the aggregrate Gross National Product of 
the EC nieinber states and involves 9% o l  the worklorce .Bio-mass 
crop production can contribute to this industrial activity and 
hence make a socio-economic contribution to rural development 
.Growing bio-mass will also avoid desertilication of countryside. 
One toniie o l  crushed rapeseed produces about 320 kilograms of 
oil,and charcoal is readily available commercial1y.Additives are 
more expensive but are used only as l%.It has been calculated 
that bio-ultracarbolluids will cost 21p per litre as compared to 
1217 for diesel , 011 the assutiiption that the rapeseed oil was grown 
011 I:on-subsidised land .Ilence preliniinary estimates suggest that, 
with subsidies and economies of scale, the price of bio-ultra 
carbolluid could be comparable to diesel. 

Conclusions 

Ilesults to date suggest that bio-ultrcarbolluids can be used 
in diesel engines without modilications. However the long term 
ell'ects of corrosion, erosion and particle size on fuel handling 
systems require more detailed research using ASTM and EC test 
standards. 'I'he long term storage ol  the lormulated luels needs to 
be researched LO see i l  this has any adverse effects such as 
oxidation of the oil components or settling of charcoal. 

'Ihe EC is currently very keen to encourage the growing of 
energy crops since it will result in a reduction in the greenhouse 
gases, particularly C 0 2  ,and reduce dependence on fuel imports. It 
-would also encourage farmers to grow crops o n  set aside 
scheme.1-lence there are good prospects lor limited use of bio- 
Lt1tracarbofluids.TIiis would be greatly increased by direct o r  
indirect state subsidies (9). 
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ABSTRACT 

The conversion of cellulose (Solkaflock) with different aqueous feed ratio with 35 bar reducing 
gases (H, and CO) were studied in a batch autoclave system at 350% in presence of 5% WAI,O, 
catalyst. Under these coflditions, the conversion showed a general increase with increasing 
solvent/feed ratio, but more significantly when CO was used as the reducing gas. This is perhaps 
due to the better contact between the feed and catalyst as well as greater amount of solvent space. 
Decomposition of cellulose yielded mainly oil of relatively low oxygen content and high heating 
value. Increasing S/F ratio were produced lower amounts of oil and char but increasing the 
higher yields of water-soluble fractions. This is probably due to the higher liquefaction of 
gaseous products. Moreover, the oil were obtained from 1O:l (S/F ratio with H2 gas) was 
contained 20.0% lights in comparison with 6.1 (S/F ratio with Hz gas) contained 56.0% lights 
which is due to higher methanation reactions in 1O:l S/F ratio. 

INTRODUCTION: 

The effect of water to wood ratio has been found to be an important parameter during 
liquefaction with N4CQ and CO ( I ) .  In run 1 ,  2, 3, and 4, the effect of solvent /feed ratio, on 
the liquefaction of cellulose was studied using 5% Pt/AI,O, catalyst in presence of CO and HZ 
as reducing gases with water into fuels. 

EXPERIMENTAL PROCEDURE: 

These experimental works were conducted with 1-liter rocker stainless steel autoclave reactor, 
cellulose, catalyst and water were charged to it. Hydrogen or Carbon monoxide was added to 
the desired pressure (35 bar) and the autoclave was then brought to operating temperature at 
350'~. and reaction time was 2 hours. After cooling the autoclave, the product gas was collected 
in a gas measurement system and were analyzed by GC. The aqueous phase was separated by 
decantation and the remaining oil and solids were removed by'adding acetone, then were refluxed 
for 6 hours. Then filter it with filter paper by water vacuum. The residue is char and catalyst, 
was dried in an oven at 110% for overnight. The filtrate was oil and acetone. The oil was 
recovered from acetone by rotaevaporation. These oil were further separated into lights, waxes 
by using solvent- heptane and then separated into asphaltene, resins,by using toluene. The feed, 
char, and oils were analyzed by elemental analyser. 

RESULTS AND DISCUSSIONS: 

The reaction inputs, operating parameters and products distribution were shown in Table 1; and 
depicted graphically in Figure 1. 

, 

From the Table 3, the elemental analysis, it is Seen that an increase in the H/C atomic ratio and 
a decrease in O/C atomic ratio as S/F changed from 6: 1 to 10: 1 in oils of runs 1 and 2 which 
indicate that increasing S/F ratio did not really promote the quality of oils. 

The oil obtained from run 1 contained 56.0% light volatile whereas run 2 contained 20.0 %. 
Also, both Asphaltenes and resins of run 2 were greater in yields than those of run I which is 
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due to higher methanation (CO + HZ -----> CH,) reactions in run 2, that is more hydrogen 
consumed to form CH, not to hydrogenation with heavier fractions like Asphaltenes and resins. 

However, in runs 3 and 4; both of which involved the use of CO as reducing gas. More lights 
59.0% and smaller amounts of resins 17.2% and asphaltenes ( I  1.5%) were produced relative to 
those of run 3; which probably the water-gas shift reaction was greater because of the greater 
volume of water present. 

CO + H,O --------> CO, + H, 
Therefore, the hydrogen is produced in situ which could have gained access to the sites and 
substrate molecules faster than the hydrogen present in the gaseous phase. 

The calorific value of oil in run 1 is 7.840 Kcal/g (S/F ratio, 6: I )  which is higher than that in 
run 2, 7.730 Kcal/g (S/F ratio, 10: 1) when hydrogen is used as reducing gas. On the other hand, 
when CO is used as reducing gas, the calorific value of oil in run 4, (S/F ratio IO:]) is 8.530 
Kcallg is higher than that in run 3, (S/F ratio 6: I ) ,  7.620 Kcallg which is not likely as before. 
In both the cases, the increase in calorific value was probably due to higher yields of lighter 
materials in the oils and not to changes in S/F ratio. 

The IR spctra and GC analysis of product gases in figure 3 and product gas distribution in table 
5 is seen that run 3 and 4 were produced higher yields of C Q  than run 1 & 2 because of 
predominance of the water-gas shift reaction in the CO atmosphere. 

Run 2 produces higher yields of hydrocarbon gases which may probably the activity of the 
catalyst in hydrogen atmosphere. 

In run 4, was produced low yield of hydrogen 3.14%, in comparison with run 3, 15.22%, may 
probably the reactivity of hydrogen produced in situ. If hydrogen was used up as postulated, then 
lower yields were expected. 

The solvent water is a necessary component of the mixture undergoing the oil forming reacbon. 
The source of water are as follows: 

(a) 

@) 

First, most substrates contain large amounts of moisture. 

Second, since most organic wastes are highly oxygenated, water is formed merely by 
heating them to reaction temperature; so it is a reaction product. 

Third, added to the reaction mixture as a solvent. (c) 

Moreover, Water acts as a solvent, vehicle and reactant. Solvation can occur between the 
hydroxyl groups of the substrate and water. It is an excellent medium for intermediate hydrolysis 
of cellulose and other high molecular-weight carbohydrates to water soluble sugars. The primary 
reactions in the conversion to oil likely involve formation of low molecular-weight, water soluble 
compounds such as glucose or pyruvic acid. 

Water is a mechanical vehicle for facilitating mixing of reactants and preventing condensations 
to char by diluting the intermediates. Water acts as a reactant. The hydrogen added to the 
substrate comes from water, which consumes carbon monoxide by reacting with it to form 
carbon-di-oxide and hydrogen (Water gas shift reaction). 

CONCLUSION: 

1) Lower S/F ratio resulted in greater yields of gaseous products, oil and chars. Higher S/F 
ratio resulted in greater yields of water solubles and water. 

O/C atomic ratio decreased with increase in S/F ratio. 

Changes in S/F ratio had no duect effect on the calorific values of the oils. 

2) 

3) 

'Y I 
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9i TOTbl RECEIVED 180.17 1 91.15 I 8 E a  9527 

Under CO atmosphere, when the S/F ratio was 6: 1, the product of gases were contained 
a higher percentage of H, (15.22%) than SIF ratio 1O:l (3.14%). 

The high partial pressure of steam raises the operating pressure to levels where capital 
costs would be high. 

The heat required to bring water to the operating temperature and pressure adds 
considerably to the operating costs and 

The separation of the oil and water phases during the product recovery step is sometimes 
encumbered by emulsions. 

In case of tetralin, it can participate with the reaction at low temperature as Well as low 
partial pressure raised; although water is more cheaper than tetralin. 
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Table no. 3. Elemental Analysis 

R u l  1 

Im 
I S  

T e m m -  pc) 

Rerwe I a n 1  

2 1 3  4 

JYI 350 

35 I35lCOl 35lCOl 

SIF m o  / c . I  1 1 0 1  !6:I 

m co, pe3 
n, 1 co 

I770  : , 58.16 

mco la814 125.22 124.51 

I H1 
Gas 

101 

co 
11.12 

2286 

S/F ratio = SolvenUFeed ratio 

* Estimated by difference 

Table no. 4.Product oil composition 

I 
I Product oil cornDosition Elemental analysis 

Heplane Toluene Toluene 
Soluble Soluble ~moluble 
lball) 

I 
% % %  % % % % % % % %  
C H 0 klC H 0 PIIhIC H 0 Ash 

3 5 W  350 WMme 590 123 11.5 17.2 

- % H, + Unidenlllted Peaks were eslmated by dlerence. 
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Introduction 

There has been an ongoing debate in the literature concerning the “true”global kinetics of cellulose 
pyrolysis. The global kinetics are of interest in modeling cellulose decomposition in many 
applications in which trying to represent the full complexity of the cellulose degradation process 
makes no sense. Roberts noted that the activation energy data on the pyrolysis of wood and related 
materials tended to cluster around two values, one at about 235 kJ/mol, and the other 125 kJ/mol 
[I]. Various reasons were advanced, including the possible role of catalysis and sample-size 
related issues. Lipska and coworkers reported values for cellulose near 176 kJ/mol [2, 31, while 
Shafizadeh reported 113 kJ/mol[4], although they concluded elsewhere [5] that the process can be 
divided into an initiation step (243 kJ/mol) followed by competitive pathways to volatiles (198 
kJ/mol) and char (153 kJ/mol). Broido and Weinstein obtained 230 kJ/mol and an a pre- 
exponential of 5.25~1017 s-] , using a TGA technique [6]. Meanwhile Lewellen et al. obtained a 
much lower activation energy of 140 kJ/mol, and a pre-exponential of 6.79 xi09 s-1 using a much 
higher heating rate [7]. Rogers and Ohlemiller obtained a similar value of activation energy, 163 
kJ/mol, but at low heating rates, in a TGA [8]. Recently, Varhegyi et al. [9] obtained 234 kJ/mol 
and a pre-exponential of 3.9~1017 s-1 , also in a TGA system at low heating rates (10 Wrnin). 

Thus there is not particularly good agreement as to the global kinetics of the process. The kinetics 
often appeared to depend upon the heating rate employed in the experiments used to deduce them. 
For our purposes, involving fire modeling, we were in a range of heating rates between those 
studied by many workers and we felt it necessary to establish more clearly what the applicable 
kinetics were. In addition to the question about Arrhenius parameters, there is also uncertainty 
concerning the order of reaction. While there is often a tendency to model the decomposition using 
first order decompositional kinetics, some careful studies clearly suggest fractional order kinetics 
are more appropriate. In this paper, we explore this subject using thermogravimetric analysis 
(TGA). We have also employed differential scanning calorimeay (DSC) to study the problem, and 
these results will be presented elsewhere. 

Experimental 

This work was carried out as part of a larger experimental program, concerned with the behavior 
of cellulosic materials under simulated fire conditions. Other results from this work have been 
reported previously[lO]. The interest in the behavior of bulk solids under fire conditions dictated 
the general range of heating rates to be below 100 Wmin, but we extended this to 1000 Wmin for 
some expenments. 

The pyrolysis behavior of purified cellulose in one case was studied in a standard TGA (DuPont 
Instruments Model 951). All TGA experiments were conducted in an inert gas environment 
(nitrogen). Temperature calibration of the TGA was of particular concern, since in this device the 
thermocouple was not in direct contact with the sample. The temperatures reported by the 
“standard” instrument thermocouple were observed to be significantly in error (over 20 K) 
depending upon how the experiments were performed (i.e., depending upon heating rate and 
amount of sample, gaseous environment). To obtain correct temperatures, an experimental protocol 
was adopted in which two identical experiments were performed, one in which a fine thermocouple 
was actually embedded in the sample powder. Using this procedure, we obtained much more 
satisfactory results, in terms of agreement with other careful work reported in the literature, as well 
as with our own DSC kinetics. 

The cellulose used for all TGA work was a Whatman CF-I1 fibrous cellulose powder that was 
used as-received. This cellulose is prepared from high purity cotton of 99% alpha cellulose 
content. The ash content is 0.009% by mass. The molecular weight of this material is in the range 
36,000 to 45,000 daltons. The diameter of the fibres was 10 to 30 pm. 

For some experiments, a heated wire mesh reactor was used, in order to achieve higher heating 
rates than are available from the TGA.This reactor consists of a thin wire gauze which is stretched 
between electrodes that provide current for resistively heating the gauze. The sample is held 
between two layers of gauze, and is uniformly heated. The apparatus is described in more detail 
elsewhere [ l  11 .The samples used in this work consisted of either the same powders as used in the 
TGA work, or acid-washed filter paper (Munktell’s OWS2-80-200). with an ash content of 
0.007%. The paper had a thickness of 168f8 pm, and was cut into rectangles approximately 1 x 

*Present address: Advanced Fuel Research, Inc., East Hartford, Ct. 
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2cm. Since the powder and paper gave virtually identical results but had much different 
characteristic dimensions, this suggested that in-sample transport limitations were not important in 
this work, even at high heating rates. This will be further discussed below. 

Results and Discussion 

Figure 1 shows the results of experiments performed at high heating rates in the heated wire mesh 
reactor. Each datum represents the char residue yield (and thus one minus the total volatiles yield) 
from an isothermal experiment in which the sample is heated at the indicated rate to the abscissa 
temperature, and then allowed to cool at a rate of between 200 to 400 Ws, Mass loss during 
cooling is generally quite small compared to that during heating. The highest of the heating rates in 
Fig. 1 would be closer to the conditions that obtain in pulverized biomass combustion or pyrolysis, 
though still quite a bit lower. Nevertheless, there is good agreement with similar experiments 
performed at even higher heating rates [7,12]. The curves were calculated , assuming a typical 
moisture level of about 670, from the parameters of (71, which were shown to apply to heating 
rates of 400 to 10,000 Ws.Thus the range for these global parameters is seen to now extend from 
about 1.7 Ws (100 Wmin) to 10,000 Ws. As we have previously reported [131, there is. 
however, difficulty in applying these kinetic parameters at 5 Wmin, as Fig. 1 also clearly shows. 
There is a significant underprediction of volatiles release rates observed at these heating rates. 

Cellulose decomposition data from many other low heating rate studies also cannot be fit by the 
high heating rate parameters. Generally, activation energies of over 200 kJ/mol have been required, 
as noted above. Since we were interested in fire safety applications that put us in between the high 
and low heating rate ranges, we canied out an examination of the kinetics in this zone. This work 
could be canied out using TGA techniques. Two different types of experiments were performed. 
One type employed the ordinary constant temperature ramping techniques common in TGA work, 
and the,other involved experiments in which the temperature was ramped at a fixed rate up to a 
particular temperature, and then the sample was held isothermally. Typical results of the latter 
(“isothermal”) experiments are seen in Figure 2. The data of Fig. 2 could be analyzed to obtain 
kinetic parameters for a particular constant level of conversion. This is important in a case in which 
the kinetics change with conversion. The Arrhenius expression for a general n-th order reaction is: 

(3) 
Mo- Mf = - ( 3 r  A exp (- &) 

Mo-Mr (1) dt 
where M is the mass of cellulose or char at any time, the subscripts 0 and f denote initial and fmal, 
A is the Arrhenius pre-exponential, Ea the activation energy, R the gas constant, T temperature and 
t time. By taking the natural logarithm of (1). and then taking the derivative with respect to 
reciprocal temperature, the activation energy is calculable independently of any assumptions of 
order, if the calculations are performed at constant conversion. There is an issue of what to use for 
Mf in this case, since char yield can be a function of experimental conditions. Io our TGA work, 
the value did not vary particularly much from 10%. and in testing our parameters for sensitivity to 
the assumed value, the variation proved unimportant. 

Results obtained from the above calculations, using isothermal data of the type in Fig.2, are shown 
in Table 1. It is observed that the values obtained at these low heating rates (1 Wmin) are different 
from those from high heating rate experiments, and that they do not depend upon conversion. The 
values cluster near many others reported in the literature for slow-heating experiments. The pre- 
exponential factors, A, may also be calculated if a reaction order of unity is assumed, and are also 
shown in Table 1. The values are too high to represent unimolecular decompositions, as has been 
noted by others as well. Clearly the decomposition process does not involve rate control by a 
single step, in this range of conditions. Also, for comparison, a “typical” pair of kinetic parameters 
derived by this approach are used to try to fit the data of Figure 1. While a fair fit may be claimed at 
5 Wmin and 100 Wmin, a very poor fit is obtained to the 1000 Wmin data. Clearly such 
parameters are not appropriate for high heating rate modeling. 

Figure 3 shows the values of activation energy obtained from the type of experiments as shown in 
Fig.2, but involving heating at a rate of 60 Wmin. Several features were very different from those 
observed at lower heating rates. First, the attempts at fitting the data with a single activation energy 
failed. Rather, it was found that there were two different activation energy regimes. It was decided 
on the basis of observed behavior to divide the results into two regimes, one above 600 K and the 
other below. The regime below 600 K was seen to be characterized by an activation energy (and 
associated pseudo-first-order pre-exponencal) that was quite similar to those obtained in the slow 
heating experiments, and shown in Table 1. The higher temperature regime was found to be 
characterized by a non-constant activation energy, but the values of apparent activation energy 
seemed to bracket those of the high heating rate experiments. It should be recalled that since the 
method of fitting the data attempts to avoid questions of reaction order change, an apparent 
temperature dependence of mechanism is the most plausible reason for the shift. 

It may be noted from Fig. 2 that the major pan of the decomposition is completed below about 600 
K in all cases. This lends support to the idea that there is a shift in mechanism that takes place 
above that temperature, since Fig. 2 gave no evidence of two distinct kinetic steps. The higher the 
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heating rate, the more quickly the transition temperature of 600 K is exceeded and the more the 
higher temperature mechanism would show itself. As heating rates become so high as to force 
most conversion to occur in the high temperature regime, the kinetics again begin to look more 
simple. Unfortunately, it has been historically the heating rate regime between 1 and 10 Wmin that 
has been the most explored, and this has put investigators squarely between the high and low 
temperature regimes in many experiments, We believe that this has led to many apparently 
contradictory results being reported. 

The more traditional heating-ramp experiments also supported the two-regime proposal. Typical 
data are shown in Figure 4. These data were obtained from different non-isothermal TGA results, 
by determining the actual mass loss rates at different heating rates for a constant value of 
conversion (60% in Figure 4). These mass loss rates are the tangents to the mass loss curve at any 
time. It is clear from Figure 4, there is a point that fits neither curve cleanly, at around 600 K. 
From the data obtained at low heating rate conditions (0.1 and 1 K/min), the activation energy is 
calculated to be between 205 and 252 kJ/mol, varying randomly with conversion. For the data 
obtained at high heating rates (15 and 60 Wmin), the activation energy varies between 137 and 180 
kJ/mol. Depending upon how the point near 600 K in Fig. 4 is "counted', considerably higher 
values of apparent activation energy could be obtained. 

Some analyses have been performed to address the question of reaction order. Letting 
Cp = [(M-Mf)/(MO-Mf)] , then generdly speaking for any arbitrary n-th order reaction at constant 

temperature: 

Integrating yields different expressions for different values of n: 
dQ/dt = - [A exp (-Ea/RT)]Cpn = - k Cpn (2) 

Q = - k o t + c g  (3) 
In (9) = - kl t  + C1 (4) 
l/Q = k2t + C2 (5) 

where the subscripts on the constants indicate the orders assumed. The results of the isothermal 
experiments were examined for order, using these expressions. For convenience, a function 
f(M/Mg) is defined such that: 

where F represents the values of the left hand sides of (3). (4) and (5). The order may be 
determined from the data by examining which assumed order gives the best approximate fit to 
linear, per (3), (4) or (5). Figure 5 shows a typical result, for an experiment at 584 K, following 
heatup at 1 Wmin. Clearly first order is the best approximation to the data after an initial period of 
zero order. This result obtained in most low temperature (< 600 K) cases, and is consistent with 
earlier results in the literature [2,141. The results of the experiments at higher temperatures did not 
give as clearcut results, and appeared to imply second order reaction might be involved, perhaps 
consistent with another report of near second order behavior [15]. Clearly this topic warrants 
further study. 

Finally, we consider the question of transport effects as possibly responsible for the apparent shift 
in kinetic parameters. We believe this to be unlikely for several reasons. First, considering the 
analysis by Hajaligol et al. [ 161, it appears that despite of the endothermic nature of the pyrolysis 
reactions involved, the particles examined here are too small to be subject to a heat transfer 
limitation. Further, it is difficult to rationalize why use of a single heating rate could result in the 
behavior seen in Fig. 3, if a heat transfer limitation were involved. Thus it seems quite unlikely that 
a heat transport limitation is the cause of the observed variation in kinetic parameters. 

Conclusions 

It appears as  though the confusing state of the literature on global kinetics of cellulose pyrolysis 
has as its cause a previously unrecognized shift in mechanism near 600 K. Depending upon the 
heating rate used to examine the kinetics, different values can easily emerge. We believe that the 
low temperature regime is characterized by an activation energy around 224 kJ/mol and an order 
that seems to go from zero, early in the process, towards first. The high temperature regime is 
characterized by neither constant activation energy nor order, and the apparent activation energy is 
centered near 140 kJ/mol. Together with an assumption of first order, a value of activation energy 
around 140 kl/mol is clearly the most reasonable for applications involving pulverized combustion 
01 pyrolysis of small cellulose particles. For fire modeling applications, both kinetic regimes may 
be of interest. 

f(M/Mo) = (F-Fmin)@max-Fmin) (6) 
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Table 1. Kinetic Parameters for Cellulose Decomposition from Isothermal 
Experiments with 1 Wmin Heating 
- E,[ !d/molJ 

80 225 4.82 x 10l6 

Remaining Mass (%) 

70 215 5.77 x 1015 
60 224 5.39 x 1016 
50 215 8.80 1015 
40 212 5.59 x 1015 
30 214 1.15 x 10l6 
20 225 4.69 x 10l6 

1 
5 0 0  5 5 0  6 0 0  6 5 0  7 0 0  7 5 0  8 0 0  

TMPERATURE [K] 

Figure 1. Comparison of char yield data obtained at indicated heating rates with model 

predictions. Broken lines are for kinetic pararneters.from [7], A= 6.79 x IO9 
Solid lines are for A = 4.12 x 10l6 

Ea = 140 Id/mol. 
and Ea = 224 kJ/mol. 

0 '  I 
0 200 400 6 0 0  800 1000 

Time [min] 

Figure 2. Typical isothermal experiment results. for 1 Wmin heating to final temperature. 
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Figure 3. Activation energies obtained as a function of conversion in isothermal experiments 
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Coprocessing of 4-(l-naphthylmethyl)bibenzyl with Waste Tires Using 
Finely Dispersed Iron and Molybdenum Catalysts 

Ying Tang and Christine W. Curtis 
Chemical Engineering Department 

Auburn University, AL 36849 

ABSTRACT 
Coliquefaction of waste tires with coal is a feasible method for upgrading both materials. To 
evaluate the effect of waste tires on reactions that occur during liquefaction, waste tire and 
carbon black, a component of tires, were reacted in the presence of 4-( I-naphthy1methyl)bibenzyl 
(NMBB), a model coal compound known to hydrocrack at liquefaction conditions. Waste tires 
promoted NMBB hydrocracking compared to no additive although carbon black, introduced at 
the level present in waste tires increased hydrocracking more. Combining Mo naphthenate with 
waste tire or carbon black had a higher activity for hydrocracking than the corresponding 
combinations with Fe naphthtX3te. Selectivity for NMBB cleavage was also different with the 
two different catalysts. The addition of S increased the activity of Fe naphthenate with waste 
tire but decreased that of Mo MphtheMte. Increased NMBB hydrocracking of 79.9% was 
obtained by combining Mo naphthenate and carbon black. Combining Fe naphthenate with 
carbon black or Mo MphtheMte did not increase NMBB hydrocracking compared to the values 
obtained with the individual materials. 

INTRODUCTION 
Waste tires are waste disposal problems in the United States where more than 240 million tires 
are disposed of annually. Since waste tires are composed of either natural or synthetic rubber, 
aromatic oil and carbon black, waste tires are a potential energy source. Waste tires can be 
coliquefied with coal to produce more valuable end products. Farcasiu et al.’.’ demonstrated that 
coprocessing of used rubber tires and coal produced liquids that are potential sources of 
transportation fuels or of aromatic oil to be used in new tires. Zondlo and coworkers) found that 
the coliquefaction of bituminous coal and rubber tires resulted in greater conversion than did 
either material individually. Hydrogenation catalysts used by Orr et aL4 affected the THF 
soluble yields of the coliquefied material. 

In order to understand more fully how waste tire and carbon black affect the thermal and 
catalytic reaction of coal at liquefaction conditions, the model species, 4-(l-naphthylmethyl) 
bibenzyl, was used as a model coal compound. In addition, coal and hydrogenation catalysts 
were used as additives to evaluate their effect on NMBB. The amount and selectivity of the 
NMBB hydrocracking were used as measures to determine the effect of the different individual 
additives and combination of additives. 

I 

I 

EXPERIMENTAL 
Materials. The model NMBB (99% purity) was obtained from TCI America and used as 
received. The catalysts tested in this study were iron naphthenate (FeNaph) (6% Fe), iron 
stearate (FeSTR) (9.0% Fe, 98% purity) from Strem, hydrated iron oxide (FeOOH) (63.3% Fe) 
from Aldrich, and molybdenum naphthenate (MoNaph) (6.0% Mo) from Shepherd Chemical. 
Three waste rubber samples, GF30 (30 mesh), GF40 (40 mesh) and GF80 (80 mesh), were 
supplied by Rouse Rubber Industries, Vicksburg, MS. The coal used in the study was Illinois 
No. 6 bituminous coal from Amoco and carbon black, Black Pearls 2000, was supplied by Cabot 
Industries. All of the additives to the NMBB reaction were used as received. 

Reaction Procedures. Reactions were performed in stainless steel tubular microreactors of - 20 
cm’ at 400°C for 30 min with a H, pressure of 1250 psig introduced at ambient. The reactor 
was agitated horizontally at 450 rpm. The reaction system consisted of 0.25 g of NMBB; when 
additives were used, waste tire, coal or carbon black was added at an equivalent gram amount 
of 0.25 g. When the relative amount of the additives was changed, the amount of NMBB was 
held constant and the added material amount was either 5 times 0.25 g or 0.2 times 0.25 g. 
Catalyst precursors of MoNaph, FeNaph, FeOOH and FeSTR were added at a level of 900 to 
1,100 ppm active metal on a per gram of material basis. When dual catalysts of Fe-based 
precursors and MoNaph were used, the total level of metal was kept constant at 900 to 1100 
ppm with Fe:Mo weight ratios of 1: 1. When sulfur was added to the reaction, elemental sulfur 
was added in a 3: 1 stoichiometric ratio of sulfur to metal assuming that either FqS, or MoS, was 
formed. 

The reaction products obtained from reactions of NMBB and the various additives were analyzed 
by gas chromatography using a Varian Model 3700 gas chromatograph equipped with a fused 
silica J&W capillary DB-5 30 m column and flame ionization detection. The only products that 
were analyzed were those from NMBB. The products obtained from NMBB were primarily 
hydrocracked products; trace amounts of hydrogenated products were detected, Percent 
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hydrocracking (%HYC) of NMBB was defined as the moles of hydrocracked liquid products as 
a percentage of total moles of liquid products produced. 

RESULTS AND DISCUSSION 
Hydrocracking of 4-(l-naphthylmethyl) bibenzyl. The model hydrocracking compound 4-(1- 
Naphthylmethyl) bibenzyl (NMBB) was reacted noncatalytically and catalytically with and 
without sulfur in the presence of added material of waste tires, carbon black, and coal as 
presented in Table 1. A number of different combinations was used to test the effect of the 
individual additives and combinatlons of additives on the hydrocracking activity of NMBB. The 
products produced from NMBB were determined and defined as the lumped parameter, percent 
hydrocracking. Where NMBB was hydrocracked at the reaction conditions and in the presence 
of any additive or catalyst used, the primary products obtained were methylbibenzyl (MBB) and 
naphthalene (NAP). Secondary products, such as naphthyltolymethane (NTM), bibenzyl (BB), 
methylnaphthahe (MN) and toluene (TOL), were obtained in small amounts as the extent of 
hydrocracking increased. 

The cleavage of NMBB can occur at five different sites which are shown in Figure 1 and are 
labeled a through e. The selectivity of the bond cleavage that occurred with the different 
additives is given in Table 1. The primary cleavage that occurred with all of the additives and 
catalysts was at bond a. In most systems, the second most prevalent cleavage occurred at bond 
d,  with a small amount of cleavage occurring at b. No cleavage was observed at bonds c or e 
in any of the reactions performed. The selectivity for hydrocracking NMBB at a given bond is 
given in Table 1 as SA for bond a,  SB for bond b and SD for bond d. These selectivities are 
defined as cleavage at either bond a, b, or d which is divided by the sum of the bond cleavage 
a,  b and d. Therefore, the parameters chosen to compare the results of the different additives 
and catalysts on NMBB were % HYC, which described the activity for hydrocracking under the 
specific reaction conditions, and SA, SB, and SD, which reflected the selectivity of the additive 
or catalyst for NMBB bond cleavage. 

Effect of Waste Rubber, Additives and Catalysts on NMBB Hydrocracking. Table 1 
presents the effect of different additives and catalysts on NMBB hydrocracking. Initial reactions 
employed waste tires in three mesh sizes added to NMBB. With increasing mesh size from 30 
to 80 and decreasing particle size, the waste tire's effect on NMBB hydrocracking increased 
from 11.3 to 15.3%. The decreased particle size may have allowed more contact between the 
reacting NMBB and the active hydrocracking component in waste tire, carbon black. All 
subsequent experiments were performed with GF 30 waste tire. When the weight ratio of 
NMBB to waste tire decreased from 1:0.2 to 1 3 ,  the % HYC of NMBB increased from 9.3 to 
13.1%. while the selectivity for bond cleavage at a decreased from 91 to 62% with a 
corresponding increase at d from 9 to 38%. Although the selectivity changed rather substantially 
with increased waste tire, the change in the total amount of hydrocracking was small. 

Since carbon black composes between 20 to 30% of waste tires, the effect of carbon black on 
the hydrocracking of NMBB was evaluated. Introducing carbon black at a 1:l weight ratio 
yielded 79.1% HYC of NMBB. Adding waste rubber or coal at the same level resulted in much 
less HYC, 11.3 and 7.0%, respectively. A higher ratio of NMBB to carbon black of 1:0.2 was 
used to approximate the lower amount of carbon black present in waste tire; the amount of HYC 
achieved was 17.7% which was higher than that obtained with a 1: l  ratio of NMBB to waste 
tire containing at a minimum 20% carbon black. Likewise, when the ratio of NMBB to waste 
tire was 1:5 in which carbon black was present in an equivalent amount as in the reaction with 
a NMBB to carbon black ratio of 1:1, the % HYC was much less yielding 13.1 % compared to 
79.1 %. The carbon black contained in the GF 30 waste tire was not nearly as active as carbon 
black introduced directly. The selectivity for cleavage at bond a was greater for carbon black 
than for carbon black in waste tire at equivalent carbon black loadings. 

In the coprocessing of waste tire with coal, hydrogenation catalysts would be used to increase 
the conversion of both coal and waste tire. Two slurry phase hydrogenation catalysts, FeNaph 
and MoNaph, were used in conjunction with NMBB individually and with additives of waste tire 
and carbon black. Reactions were performed with and without sulfur. When MoNaph was 
combined with waste tire, 38.2% HYC of NMBB occurred which was more than double the 
amount obtained with FeNaph. The addition of sulfur increased the amount of % HYC with 
FeNaph but decreased the effectiveness of MoNaph. Combining FeNaph or MoNaph with 
carbon black resulted in high levels of % HYC: 86.4% for FeNaph and 97.9% for MoNaph. 
The selectivity for cleavage at bond a was greater for Mo than for Fe even when sulfur or 
carbon black was added. 

Ternary systems of NMBB with waste tire and carbon black were reacted without additional 
catalysts and with three different iron catalysts or MoNaph. The combination of waste tire and 
carbon black at a 1:0.2:0.2 ratio yielded 29% HYC of NMBB. Addition of MoNaph to this 
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ternary System increased the % HYC to 71.3% although the selectivity for cleavage at bond a 
remained high and constant. Increasing the amount of waste tire in the system to a ratio of 
1:1:0.2 Of  NMBB to waste tire to carbon black increased % HYC to an even higher value of 
83.5%. Utilization of three types of Fe catalysts at that same ratio resulted in % HYC of 42.6% 
for FeSTR, 53.7% for FeNaph and 55.2% for FeOOH. All of these hydrocracking values were 
lower than that obtained for MoNaph. 

Reactions with NMBB and waste tires were also performed with combined catalysts containing 
one of the iron precursors, FeNaph, FeOOH, or FeSTR with MoNaph and sulfur. All three of 
the reactions yielded % HYC between 16.5 and 20.3% so that the type of iron present made 
little difference in the hydrocracking behavior of NMBB. The % HYC of 18.5% achieved by 
the combined catalyst of MoNaph with FeNaph was only slightly higher than the 17.5% HYC 
yielded by the reaction with FeNaph alone. The selectivity for all of the combined catalysts was 
very high, ranging from 94 to 98%. The presence of the combined catalysts were not synergetic 
for promotion of NMBB hydrocracking. 

SUMMARY 
The NMBB system provided a model for measuring the activity of waste tire and carbon black 
for hydrocracking. Since NMBB contains C-C bonds that are similar to those present in some 
coal molecules NMBB can be used to predict the effect of waste tire and carbon black in a 
liquefaction system containing coal and waste tire. Carbon black introduced directly at 
coprocessing conditions was highly active for hydrocracking NMBB. When carbon black was 
present in waste tires, carbon black’s activity was much less, indicating that the processing and 
contact of the carbon black with other material in the waste tires was detrimental to its activity. 
The combination of MoNaph with either waste tire or carbon black resulted in higher 
hydrocracking activity and selectivity for cleavage at bond a than did FeNaph. The combination 
of iron catalysts with MoNaph did not promote hydrocracking of NMBB. 
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Figure 1. Cleavage Sites for 4-(l-Naphthyhethyl)bibenzyl. 

NMBB + WT+FeNaph+ S( 1 : 1) 

NMBB+WT+MoNaph+S(l:l) 

NMBB+CB+FeNaph+S( 1 : 1) 

Table 1. Selectivity of the Slurry Catalysts for Hydrocracking 
4-(l-Naphthylmethyl)bibenzyl 

Cleavage Selectivity*lOO% 
of a+b+dc 

Reaction Svstems SA I SB I SD 

17.5rt2.6 8.8 75 0 25 

30.1*2.4 15.1 96 0 4 

87.3 f 3.8 43.7 88 6 6 

11 NMBB (thermal) I 4.9f1.3 I 2.5 I 61 I 0 I 39 

NMBB+CB+MoNaph+S( 1 : 1) 

NMBB + WT+MoNaph+ S( 1 :0.2) 

NMBB+ WT+ MoNaph( 1 :0.2) 

NMBB+ CB + MoNaphf S(1:0.2) 

11 NMBB+S 1 9.3rt2.7 I 4.7 I 66 I 2 I 32 

~~ 

99.7f1.6 49.8 94 5 1 

14.8 98 0 2 29.4 f 3 .O 

13.8f3.0 6.9 97 0 3 

79.9k3.6 40.0 95 4 1 

NMBB+GF3OWT(l:l) 11.3f2.2 5.7 77 0 23 

NMBB+GF4OWT(I: 1) 13.5i-2.5 6.8 76 0 24 

11 NMBB+GF80WT(l: 1) I 15.3k2.4 I 7.7 I 81 I 0 I 19 

NMBB + WT'( 1 :0.2) 9.3f2.1 4.7 91 0 9 

NMBB+WT( 15)  13.1 f 1.7 6.6 62 0 38 

11 NMBB +CB( 1 :I) 1 79.1f2.7 I 39.6 I 78 I 6 I 16 

IhMBB+CB(I :0.2) 

11 NMBB+Coal(l:l) I 7.0rt2.1 1 3.5 1 83 I 0 1 17 

NMBB+ FeNaph 5.5f1.0 2.8 79 0 21 

NMBB+ MoNaph I 6.4k0.9 I 3.3 I 76 I 0 I 24 

I( NMBB + FeNaph + S I 15.5f1.4 I 7.7 I 86 I 4 I 10 

NMBB+MoNaph+S 39.4k2.3 19.7 92 5 3 

NMBB+WT+FeNaph(l: 1) 15.5f2.6 7.8 73 0 27 

NMBB+WT+MoNaph(l:l) 38.2rt2.2 19.2 95 1 4 

NMBB +CB+FeNaph( 1 : 1) I 86.4f3.8 I 43.3 I 891 4 1  7 

11 NMBB+CB+MoNaph(l: 1) 1 97.9k2.2 1 49.0 I 94 I 4 I 2 



Table 1. (Continued) 

NMBB+ WT + MoNaph( 1:s) 

NMBB+ WT+MoNaph+S( 1:s) 

NMBB+ WT+CB( 1 :0.2:0.2) , 

23.252.4 11.7 69 0 31 

18.0f2.1 9.1 67 0 33 

29.0f1.7 14.6 92 3 5 

NMBB+WT+CB+MoNaph 
(1:0.2:0.2, 1000 ppm) 

NMBB + WT+ CB + MoNaph 
(1:1:0.2, IO00 ppm) 

71.3f2.5 35.7 95 4 1 

83.5f2.4 41.8 93 5 2 

NMBB + WT+CB+ FeNaph 
(1:1:0.2, loo0 ppm) 

NMBB+WT+CB+FeOOH 
(1:1:0.2, 1000 ppm) 

I 

53.7k2.5 26.9 89 5 6 

55.2f 3.0 27.7 95 2 3 

NMBB + WT+CB + FeSTR II (1:1:0.2, DDm) 

NMBB+ WT+ FeSTR+MoNaph+S 16.5f3.0 8.3 94 0 6 
( 1 : I ,  500 pprn each) 

21.4 I 97 I 0 I 3 
I 42.6f2.8 1 

NMBB + WT+ FeNaph+MoNaph+ S I 18.5f2.1 I 9.3 I 98 I 0 1 2 II (1 : 1, 500 ppm each) 
~ 

NMBB+WT+ FeOOH+MoNaph+S I 20.3i-2.2 I 10.2 I 96 I 0 I 4 II (1 : 1. 500 Dum each) 
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NATURE OF THE CHEMICAL REACTION 
FOR FURFURAL MODIFIED ASPHALT 

G. Mohammed Memon, FHWA/EBA Engineering Inc. 
Brian H. Chollar, FHWA 
6300 Georgetown Pike 
McLean, VA 22101 

Key words: Asphalt/chemically modified, Nature of reaction, 
Furfural. 

INTRODUCTION 
Three of the most serious problems of asphalt pavements today are 
rutting, cracking, and susceptibility to moisture damage 
(stripping). Asphalt manufacturers have been mixing asphalts with 
polymers to produce polymer-modified asphalts with improved 
rheological properties. However, the costs for these improved 
polymer-modified asphalts are almost double that of regular 
asphalts. FHWA researchers have found that asphalt modified by the 
chemical, furfural (which is prepared by simple elimination 
reaction of aldopentoses obtained from oat hulls), exhibited better 
stripping prop,efties and was less temperature susceptible than the 
virgin asphalt' while costing less than polymer-modified asphalts. 
This paper discusses the possible structure of the furfural- 
modified asphalt, data for the virgin and furfural-modified 
asphalts and their Corbett fractions, data from a model reaction 
between phenol and furfural, and a possible explanation of this 
structure based on these data. 

MATERIALS USED 
An Alaskan North Slope asphalt (asphalt A5), obtained from the 
Strategic Highway Research Program (SHRP), was used. It is an AC-5 
asphalt, SHRP number AAV. All of the reagents used were analytical 
grade from Baxter Scientific Products, McGraw Park, IL, unless 
otherwise specified. 

EXPERIMENTAL METHOD 
Furfural Reaction: The furfural-modified asphalt (asphalt A5F) was 
prepared from Psphalt A5 according to the method described by 
Chollar, et al. The model phenol-furfural product was prepared by 
continuously stirring phenol (10 g), furfural (lo g)., and 
concentrated hydrochloric acid (0.19 ml) at 93.3.C for 90 min. The 
resulting product was analyzed by Thin Layer Chromatography (TLC), 
Fourier Transform Infrared (FTIR), and High Performance-Gel 
Permeation Chromatography (HP-GPC) . 
TEST METHODS 
I. ASTM D-4124 fcorbett Analvsis): ASTM D-4124 was used to 
fractionate asphalts A5 and A5F. 

11. Thin Laver Chromatosrauhv fTLC) : The residual furfural Starting 
material in asphalts was detected by TLC using the Benzidine and 
2,4-Dinitrophenyl hydrazine4 spot tests. Visual observation of the 
resulting colors both with and without ultraviolet (W) radiation 
at 254 and 366 nm wavelength was used to detect/differentiate 
different compounds. 

1II.a. Reverse-Phase Hiah Performance Liquid Chromatosrauhv [RP- 
m: A Waters HPLC system was used for this study with a 600E 
brand work station. Methanol or tetrahydrofuran (THF) was used as 
a solvent at a flow rate of 1 ml\min. A 0.4 ml sample was always 
injected. Elution of the material was carried out by two methods in 
an isocratic mode: 1) eluting the sample with methanol for a 10 min 
period for detecting the furfural starting material, and 2 )  eluting 
the sample with methanol from 0 to 15 min, then with THF from 15 to 
45 min, and then with methanol from 45 to 61 min to observe the 
changes which occurred in asphalt A5 and A5F Corbett fractions. 

The following procedure was used to determine the starting material 
(furfural) in Corbett fractions of asphalt A5F by an HPLC technique 
using reverse-phase chromatography. 
1. Asphalt (A5 or A5F, 10mg) was dissolved in 4 ml of 1:l 

THF/methanol. The resulting solution was 'passed through a wet 
(methanol) Sep-pak C,8 cartridge (a reverse phase HPLc technique 
to rapidly clean the asphalt sample and preserve the life of 
the RP-HPLC column) and collected. The solution from the Sep- 
pak was used to obtain the sample for RP-HPLC. 

2. THF (2 ml) was passed through the Sep-pak. The solution was 
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Collected in a separate vial. This fraction was used for 
further investigation. 

3. Methanol (2 ml) was passed through the Sep-pak. The solution 
Was collected and used for further investigation. 

4 .  Methanol (2 ml) was again. passed through the Sep-pak. The 
Solution was collected in a fourth vial for further 
investigation. 

A Calibration curve was made by using different concentrations of 
furfural in methanol (1, 0.5, 0.25 and 0.125 percent). The solution 
(0.4 ml) was injected into the HPLC, using method #1 for 10 min in 
a isocratic mode, eluting in methanol. The peak area for the 
furfural signal was found at a retention time of 4.85 min and at a 
wavelength of 252 nm. 

1II.b. Hiah Performance Gel Perm eation Chr OmatWraDhV I HP-GPCL: The 
sample preparation for HP-GPC and the method, used was made 
according to the method reported by Memon, et al. 

EXPERIMENTAL PROCEDURE 
Nuclear maan etic Res-wnce fNMRl SDectroscoDv: Asphalt samples were 
dissolved in deuterated chloroform in a concentration of 10 qercent 
&W/V). These were transferred to NMR tubes and were run for H- and 
C analysis. A standard coaxial tube containing tetramethylsilane 

(TMS) was used as a standard. 
Three different techniques were used to detect the 
aromatic/aliphatic carbon and proton ratio and non-protonated 
carbon atoms present in asphalts A5 and A5F and their polar 
aromatic and naphthene aromatic fractions: conventional H-, C 
distortless enhancement polarization transfer (DEq), and gated 
decoupling without nuclear overhauser effect (NOE) C-NMR. 

Fourier Transform In frared (FTIR) SDectroscoDv: The asphalts A5 
and A5P were run on a FTIR using neat tpin films on a sodium 
chloride (NaC1) plate. The Stokes analysis was used to calculate 
and compare peak areas and ratios to each other in a spectrum. 
Ratios used for this comparison are shown in figure 10. It has been 
shown that the 1378-1578 cm-1 region (aliphatic region) does not 
change significantly for most asphalts including A5 and A5F. Thus, 
ratios of this aliphatic region to other infrared peak regions for 
asphalt (A5) will show the increase or decrease in that regional 
area as compared to the same ratio for asphalt (A5F). 

RESULTS 
There are several ways in which furfural can react with the 
phenolic type compounds in asphalt. One of the most probable ways 
that furfural can react with phfnol is by a condensation type of 
reaction. The model for this is: 

OH 

We think that #is is the type of reaction that is occurring in the 
furfural-asphalt modification and that this is the type of product 
that is observed in asphalt A5F. The following data is obtained in 
support of this product: 

1. Increase of Dolaritv. Table I gives the Corbatt analyses of 
asphalts A5 and A5F. There is a significant increase in asphaltene 
(highly polar) and a slight decrease in the polar and naphthene 
aromatic fractions of the furfural-modified asphalt. 
Table I1 gives the results of the TLC analyses of asphalts A5 and 
A5F. There are changes occurring in the polar and naphthene 
aromatic fractions using 90 percent methanol - 10 percent toluene. 
There were no other changes in the other fractions. Therefore, a 
reaction occurs with a change in the polar and naphthene aromatic 
fractions of the asphalt. These results show the higher polarity of 
asphalt A5F. 

2. Furfural consumtion. a. The detection of furfural in the 
furfural-asphalt reaction was attempted by mixing different amounts 
of furfural (0.5, 0.38, 0.13, 0.06 and 0.03 ml) in hot asphalt A5 
(50 9 s )  at 57'C on a hot plate for 30 s and observing the 
separation of the mixtures by RP-HPLC. NO signal was observed at 
252 nm wavelength (wavelength of the pyrrole ring with the 2-CHO 
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functional group in furfural) at a retention time of 4.85 min 
(figure 1, furfural in asphalt at 57'C). Therefore, no free 
furfural is found in any of the mixtures. b. The detection of 
furfural was also attempted by mixing different amounts of furfural 
(0.5, 0.38, 0.13, 0.06 and 0.03 ml) in 50 grams of warm asphalt A5 
(26.7'~). The furfural-asphalt mixture (100-150 mg) was analyzed 
by the above procedure using RP-HPLC. Unreacted furfural was 
observed in all mixtures at 252 nm wavelength after 4.85 min 

Asphalt A5 (50 g) was mixed with furfural (0.5 ml) at room 
temperature. Reverse- phase HPLC was used to analyze this mixture 
using the above procedure. Figure 1 (furfural in methanol) shows 
that at 4.85 min, the free furfural signal appeared. The mixture 
was then heated at 57'C for 30 s and analyzed. There was no 
furfural signal detected at that time. Thus, the reaction uses 
furfural and proceeds at temperatures above 27'C. d. The detection 
of furfural was attempted with asphalts A5 and A5F and their 
Corbett fractions using the sample preparation method above. These 
solutions were analyzed by the above reverse-phase method (method 
#2) and the results are reported in table 111. There is no 
absorption observed at 252 nm in the three fractions of asphalt A5 
and A5F at any retention time. These data indicate that furfural 
has been used in the furfural-asphalt A5 reaction and is not found 
in any of the Corbett fractions of asphalt A5F. 

3. The reaction converts Dhenolic comoounds into substituted 
phenolic comoounds. Rao' has reported that substitution of an -OH 
group on benzene will give a signal at 270 nm wavelevth. A 
disubstituted benzene shows a signal at 276 nm. 0-catechol is an 
example of this shift, showing a transition at 276 nm. A 
trisubstitpted benzene molecule shows a transition at 287 nm 
wavelength. The RP-HPLC data for the naphthene aromatic fraction 
of asphalt A5 shows a small broad signal at 272 nm (table I11 and 
figure 2) with 4 . 7  rnin retention time in THF followed by methanol 
(solvent system). This signal may be due to phenol. When the 
corresponding asphalt A5F fraction was examined, no such signal was 
detected. This is an indication that a reaction is occurring with 
phenolic compounds. when the polar aromatic fraction of asphaltA5F 
was analyzed, a signal at 278 nm was observed in this polar 
aromatic fraction of asphalt A5F having a retention time of 4.7 
minutes in methanol. This signal is possibly the monosubstituted 
phenolic material (table 111). 

4 .  
size. The GPC data were calculated according to published 
procedures by P. W. Jennings and reported as percent large 
molecular size (LMS), medium molecular size (MMS), and small 
molecular size (SMS), for each asphalt fraction. From the GPC data 
(table IV), it is clear that there is no significant change in the 
LMS, MMS, and SMS of asphalt A5F as compared to that of the asphalt 
A5. Thus, it is not apparent from the analysis if a reaction 
occurs. Furthermore, table IV demonstrates that the asphaltene 
fraction of asphalt A5F shows a decrease in LMS and an increase in 
MMS and SMS as compared to that of the asphaltene fraction of 
asphalt A5. The data also shows that there is a significant 
increase in LMS of polar aromatic fraction of asphalt A5F ( 4 % ) .  
There is an increase in MMS of naphthene aromatic fraction (0.5%) 
of asphalt A5F. Thus, significant increases occurred only in the 
LMS of the Polar aromatic fraction of the modified product. Figure 
3 shows the changes observed in retention times obtained by RP-HPLC 
analysis of the naphthene aromatic and polar aromatic fractions of 

occurred in Only the naphthene and polar aromatic fractions). The 
asphaltene fractions of asphalts A5 and A5F have retention times of 
16.5 and 16.8 minutes respectively. This means that there is no 
significant change in the LMS of the modified asphaltene fraction. 
The polar aromatic fraction of asphalt A5 begins around 19.5 min, 
whereas the corresponding asphalt A5F fraction begins around 15.5 
min as shown in figure 3 .  This is an indication that the polar 
aromatic fraction of asphalt A5F has LMS materials appearing 
earlierthanthe corresponding fraction of asphaltA5. The spectrum 
of the naphthene aromatic fraction of asphalt A5 begins at around 
20 min retention time, whereas the spectrum of the same fraction of 
asphalt A5F begins around 17 rnin retention time. Again, LMS 
compounds of the furfural-modified product appear earlier. 

The ultraviolet spectra of the SMS of the polar aromatic 
fractions of asphalts A5 and A5F are in figure 4 and those of the 
LMS of the polar aromatic fraction of asphalts A5 and A5F are in 

retention time (figure 1, furfural in asphalt at 26.7'C). 0 .  

asphalts A5 and A5F . (The TLC analysis confirmed that changes I 
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figure 5.  The spectrum for the asphalt A5 (Figure 4) only shows a 
signal for phenols at 270 nm. The spectrum for the asphalt A5F 
fraction only shows a signal at 277 nm (figure 4). This shows the 
formation of a monomeric monosubstituted phenolic material in the 
furfural- modified asphalt. Figure 5 shows the presence of tri- Or 
polysubstituted phenolic material of large molecular size (LMS 
region) in the polar aromatic fraction of asphalt A 5 F  at 288 Nn, 
whereas, there is no such signal in virgin polar aromatic fraction. 
Thus, it is possible that the furfural-asphalt reaction involves a 
substitution on the phenol ring in the form of a monomer in the SMS 
region as well as a polymer in the LMS region appearing in the 
polar aromatic fraction of asphalt A5F. Substituted phenolic types 
of compounds showing signals at 277 nm were also observed in SMS 
of asphaltene as well as naphthene aromatic fractions of furfural- 
modified asphalt. 

The direct reaction between phenol and furfural was conducted 
under the same conditions as mentioned above. The GPC data shOWS 
that this reaction is a polymerization reaction, but it is a 
mixture of a monomer and a polymer, as is shown in figure 6 .  The 
GPC data shows that the model polymer product starts appearing 
around 22 min retention time, with peaks at 24.1, 28.3 and 30.6 
min. A standard pyrene (molecular weight 202, about the weight Of 
the monomer of phenol and furfural), appears around 29 min 
retention time. The molecular weight of the dimer of the furfural- 
phenol reaction is 346 and would be expected to be eluted around 27 
to 28 min. Thus, the model reaction affords a polymer larger than 
that of this monomer, a material the same size as the dimer, and a 
material similar in size to the monomer. 

These data showed that there are more large molecular size 
materials in the polar and napthene aromatic fractions of asphalt 
A5F than there are in asphalt A5. These LMS materials in the polar 
aromatic fraction contain tri- or polysubstituted polymeric 
phenols. The SMS materials of the napthene aromatic, polar 
aromatic, and asphaltene fractions contain monosubstituted 
monomeric phenols. The model reaction affords a polymer larger than 
that of the dimer, and a monomer of the size similar to that of the 
dimer of phenol and furfural. Since the model polymer was prepared 
under the same conditions as the furfural asphalt reaction, we can 
assume that furfural is reacting in the same way as the model 
polymer to give the same type of products. 

5 .  Increase of aromaticitv. Using the 13C-NMR gated decoupling 
technique without NOE, NMR shows a 12 percent increase of aromatic 
carbon content in the polar aromatic fraction of asphalt A5F versus 
that of asphalt A 5  (figure 7 ) .  The proton NMR spectrum of the polar 
aromatic fraction of asphalt A5F shows a 2 percent higher ratio of 
aromatic to aliphatic versus that of the polar aromatic fraction of 
asphalt A5 (figure 9). The infrared data (figure 10) show that the 
ratio of total aromatic to aliphatic content of asphalt A5F (10/5) 
is more than that of asphalt A5; the aromatic content of the 
furfural-reaction product has increased. The infrared data show 
that the ratio of monomeric to polymeric aromatic content of 
asphalt A 5 F  (3/1) is less than that of asphalt A5,  thus the 
polymeric substitution of the aromatic ring of the asphalt A5F has 
increased. These data show that the aromaticity of the asphalt A 5 F  
is higher than that of asphalt A5. Therefore, the phenolic groups 
in asphalt A5 are combining with furfural to produce a higher 
aromatic material (asphalt A5F)  as suggested by the model 
structure. 

6. Increase of non-protonated carbon atoms. Using the effect of 
the DEPT technique, "C-NMR showed an increase in the non-protonated 
carbon atom content of the polar aromatic fraction of the furfural- 
modified asphalt versus that of asphalt A5 (figure 8). The model 
structure of the modified product has more non-protonated carbon 
atom content than that of phenol or phenolic material reactants. 

7 .  Increase of unsaturation. Infrared data (figure 10) show that 
the ratio of unsaturated to aliphatic content of asphalt A ~ F  (4 /5 )  
is higher than that of asphalt A5.  As a result, the unsaturated 
content of asphalt A 5 F  has increased. With the addition of 
furfural, the model structure of the modified product contains more 
unsaturated carbon content than that of phenol or phenolic material 
reactants. 

CONCLUSIONS 
We have shown that our data for asphalt A5F using the above seven 
experimental results are consistent with the proposed structure of 
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the phenol-furfural polymeric product, and that it is possible that 
the furfural-asphalt reaction for phenolic materials in asphalt A5 
is occurring in the same way as is proposed in the model reaction. 

FHWA researchers will now pursue other reactions of this type to 
further improve the properties of asphalts. 
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TABLE I: CORBETT ANALYSIS 

Asphalt A5 = Virgin asphalt A5 
Asphalt A5F = Furfural modified asphalt A5 

TABLE 11: THIN LAYER CHROMATOGRAPHIC COMPARISONS OF THE 
CORBETT FRACTIONS OF ASPHALT A5 AND A5F. 

Fractions 
Polar Naphthene Saturate 

Aromatic Aromat i c Fractions 
Fractions Fractions 

d i f f e r e n t  d i f f e r e n t  Observation 

. . . . . . . . . . . 

A5 = V i r g i n  asphalt  A5 A5F Furfural modified asphalt  A5 
R, = Retardation factor  ..... = Not observed 

A 

874 



. 
\ 

TABLE 111: RP-HPLC DATA FOR F’URFURAL I N  ASPHALT A5 AND 

M = Methanol T - Tetrahydrofuran 
A = Asphaltene f r a c t i o n  PA - Polar aromatic f r a c t i o n  
NA = Maphthene aromatic f r a c t i o n  - -  = Not observed 

MS = Medium molecular s ize  NA = Naphthene aromatic f r a c t i o n  
SMS - Small molecular s ize  AS = V i r g i n  asphalt AS 
AS = Asphaltene f r a c t i o n  ASF = Furfural-modified asphalt AS 

, . , m . 3 -  . , . . ,. , 
Revu&Phase Huh Peffonnanca 
Liquld Chromatography 
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Figure 1 Wavelength spectra of furfural and asphalt for reverse-phase 
high performance liquid chromatography at a retention time of 4 85 min 
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Figure 2: Ultraviolet spectra of the naphthene aromatic fraction of 
asphalts AS and ASF from reverrephase high performance liquid 
chromatography at a retention time of 4.7 min. 
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Figure 3: Chromatogram of the naphthene aromatic and polar aromatic 
fractions of asphalts AS and ASF. 
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Figure 4: Ultraviolet spectra of the small molecular size polar aromatic 
fraction of asphalts AS and ASF. 
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Figure 5: Ultraviolet spectra of the large molecular w e  polar aromatic 
fraction of asphalts A5 and A5F. 
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Figure 6 Chromatogram of a model polymer obtained from the readlon 
between phenol and furfural 

' ' G M U w ~ n e t l c  Resonance Analysis 

Flgure 7 Nuclear Magnetlc Resonance data for the percent aromatic 
carbon content (obtained without the Overhauser effect) present in 
asphalts A5 and A5F and their COrbett fractions 



%-Nuclear Nagnetlc Resonance Analysls 

Figure 8: Nuclear Magnetic Resonance data for the percent non- 
protonated carbon content in polar aromatic fractions of asphalts A5 and 
A5F 

' ~ P & g n 6 t k W e s o n a n c e b a l y s i s  

Fgure 9: Nuclear Magnetic Resonance data for the aromatic to aliphatic 
proton ration of the polar aromatic fractions of asphalts A5 and A5F. 
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Figure 10: Infrared peak area ratios for asphalts A5 and A5F. 
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SELECTIVE CATALYTIC SORBENTS FOR NO, FROM COMBUSTION FLUE GAS 
FOR PREPRINTS OF THE FUEL CHEMISTRY DIVISION, ACS 

A. Rubel, M. Stewart, J. Stencel 
University of Kentucky 

Center for Applied Energy Research 
3572 Iron Works Pike 

Lexington, KY 4051 1-8433 

Keywords: coal-based sorbents, selective NO, capture, combustion flue gas 

INTRODUCTION 
A process which uses coal-based activated carbons as selective catalytic sorbents for the 
removal of NO. from combustion flue gas is under investigation at the University of 
Kentucky, Center for Applied Energy Research (CAER) (1-3). Flue gas cleanup would be 
achieved through the selective capture of NO, at stack temperatures of 70-120°C followed by 
desorption of a concentrated stream of NO, at elevated temperatures (140-150°C). Processing 
would involve repeated NO, adsorption/desorption cycles using the same adsorbent carbon. 

Numerous investigation have been conducted on the decomposition of NO, over carboneous 
materials with respect to the heterogeneous reduction of NO, (4-9). Under the reaction 
conditions used, the amount of NO adsorbed was less than 2 wt% of the carbon and, due to 
the high reaction temperatures, 40-50 wt% of the carbon was gasified (2.6). Our work has 
concentrated on the use of activated carbons as selective sorbents for NO, at flue gas stack 
conditions without added chemicals. Our data suggests that an environmentally benign process 
is possible which eliminates problems associated with ammonia slippage, and provides 
possibilities for by-product generation such as nitrates for agricultural purposes, nimc acid, or 
other nitrated compounds. 

This paper will discuss NO, adsorption on coal-based sorbents, catalytic reactions involved in 
the adsorption process, identification of the desorbed oxide, and the possibility of making 
HN03 from adsorbed NO,. 

EXPERIMENTAL 
Instrumentation. NOx adsorption/desorption profiles were obtained using a Seiko TGDTA 
320 coupled to a VG Micromass quadrapole MS. The two instruments were coupled by a 
heated (170°C) fused silica capillary transfer line leading from above the sample pan in the TG 
to an inert metrasil molecular leak which interfaced the capillary with the enclosed ion source 
of the MS. The TG was connected to a disk station which provided for programmable control 
of the furnace, continuous weight measurements, sweep gas valve switching, data analysis, and 
export of data to other computers. The MS has a Nier type enclosed ion source, a triple mass 
filter, and two detectors (a Earaday cup and a secondary emissions multiplier). The MS was 
controlled by a dedicated personal computer which was also used to acquire and review scans 
before export to a spreadsheet for data manipulation. 

TG-MS procedures. The TG heating regime used to produce NO, adsorption/desorption 
profiles incorporated segments for outgassing, cooling, adsorption, desorption, and 
temperature-induced desorption. The details of this heating program have been discussed 
previously (1). Other TG conditions used have also been published (1.2). 

The MS was scanned over a 0-100 amu range with a total measurement interval of 
approximately 30 s per 100 amu; NO (mass 30) or NO, (mass 30 and 46) were identified by 
comparing amu 30/46 ion ratios. 

NO, scrubbing test procedures. NO, breakthrough profiles were acquired using a 7.2 ml 
cylindrica! reactor loaded *:Jith approximately I g of sorbent. A small fraction of the effluent 
gas leaving the reactor was routed to a mass spectrometer for continuous monitoring of gas 
composition. The sample was outgassed at 300°C for 1 hour with a He purge at a flow rate of 
150 ml/min metered at room temperature and pressure. The coal-based carbon was then 
cooled to an adsorption temperature of 80°C. Once this temperature was achieved, the purge 
gas was switched to a simulated combustion flue gas containing 2% NO, 5% 0,. and a balance 
of He. Subsequent to testing, the reactor was cooled and the sorbent retrieved for analysis. 

Nitric acid production tests. Activated carbon which had been completely. saturated with 
NO, was subjected to two different wash solutions, distilled/deionized water and 3% H,O, in 
distillecVdeionized water. The washes were saved for analysis. A control, non-ueated sample 
of sorbent was also washed with both solutions for comparison. 

’ 
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Analytical procedures. The sorbents were subjected to surface area determinations performed 
on a Quantachrome Autosorb-6 using a N, static volumetric flow procedure. Surface areas 
were calculated using the standard BET equation between relative pressures of 0.05-0.25 (lo). 
Wash solutions from the nitric acid production testing were analyzed by ion chromatography 
on a Dionex 202Oi inshument according to standard procedures. The pH of the wash solutions 
was determined by ASTM D3838-80. 

Materials and simulated flue gas composition. Two coal based activated carbons, produced 
commercially by steam activation, were tested during this study. For the purposes of this 
paper, the two carbons will be identified as a and b. They had N, BET surface areas of 460 
and 850 m’lg, respectively. 

The NO, adsorption capacity of the activated carbons was determined using the following 
concentrations of gases during adsorption: 2% NO, 5% 0,. 15% COz, 0.4% H,O and He as 
the balance. Helium was used by itself during degassing, physidesorption, and temperature 
programmed desorption. 

The range of concentrations of flue gases studied during this work are as follows: 
2.0% NO or NO2; 5 to 20% O,, 0 to 15% COz; 0.4 to 6% H,O and He as the balance. During 
some tests, the sorbent was pre-saturated with 0, or CO, to determine their contribution to the 
adsorption mechanism. 

RESULTS AND DISCUSSION 
Adsorption Capacities and sorbent gasification. Adsorption/desorption profiles, as shown in 
Figure 1 for sorbent a were used to determine adsorption capacities and recycle potential for 
the two carbons. On exposure to NO and in the presence of 0, and CO,, the weight gained in 
30 minutes by sorbent a was 13.6%. Desorption of NOz from the carbon through both 
physidesorption and temperature programmed desorption was confirmed by mass spectra 
showing a major peak at amu 30 (the primary mass ion for both NO and NO,) which 
coincided with the TG monitored weight loss. A peak was also observed at amu 46, a 
secondary mass ion for NO,. The temperature at which maximum desorption occurred was 
140°C. 

0.3 to 

Repeated cycling of the sorbent indicated that gasification and adsorption capacity losses were 
very small. Carbon a, subjected to three NO. adsorptioddesorption cycles, lost approximately 
1.5% of its total adsorptive capacity (Figure 1). This loss was partially related to a small 
amount of carbon gasification (0.5-1.0 wt%). Since the temperature at which maximum 
desorption occurred, 140°C. is significantly lower than the 400°C to which the samples were 
heated during temperature-induced desorption, these losses can be reduced by lowering the 
maximum temperature to which the carbons are exposed. Results for carbon b were similar to 
those for carbon a except the adsorption capacity for NO, was slightly less at 10.7 g NO, / 
100 g carbon. 

NO. scrubbing test. The response of the mass spectrometer (amu 30) during NO, scrubbing 
using sorbent a showed removal of NO to near the lowest detection limits of the MS over a 16 
minute period (Figure 2). This implies that the NOz loading on the carbon was 9.1 g NO, / 
100 g carbon. 

Requirements of adsorption. To better understand adsorption mechanisms and requirements, 
the adsorption capacity of sorbent a was determined for various combinations of NO or NO, 
combined with CO, and/or 0,. and for NO or NO, on carbon pre-saturated with CO, or 0, 
(Figure 3). The relative capacity for the combination of gases was defined as the amount of 
adsorption measured for each case with respect to the base case for both NO and NO, 
adsorption. The base case was the adsorption of NO or NO2 in CO, and 0,. The weight 
gained by the carbon was the same for both base cases. 

It was found that 0, was required for significant NO adsorption and that COz did not interfere 
with adsorption. Adsorption of NO in COJO, was the same as for NO in 0, alone. Almost 
no adsorption of NO occurred in the presence of He or CO,. These data are consistent with 
other literature which show low levels of NO, adsorption at temperatures above 200°C and in 
the absence of 0, (4-9). Pre-saturating carbon with 0, followed by NO adsorption in He 
improved NO adsorption over the comparable He case, but whether this was due to binding of 
0, to the carbon or slightly higher gaseous 0, levels as a result of the inability to completely 
purge 0, from the TG-MS system could not be determined. There was a slight increase in the 
weight (approximately 0.5 wt%) of the carbon during 0, pre-treatment. In contrast to NO 
adsorption, the relative adsorption of NO, was found to be nearly independent of the presence 
or absence of CO, and/or 0,. The amount of NO, adsorbed in He was only slightly less than 
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in 0,. 

Control experiments for the above series of experiments indicated that 0,. CO, and HzO were 
not significantly adsorbed on the sorbent (Figure 4). For comparison. results from a base case 
with carbon exposed to the simulated flue gas containing NO,, Oz, CO,, and H,O is also 
shown in Figure 4. 

Adsorbed Oxide. Since identical weight was gained by the carbon when it was exposed to 
identical concentrations of either NO or NOz in the presence of 0,. the adsorbed oxide must 
be the same for both cases. During the adsorption of NO in Oz, a significant exothenn was 
observed which did not occur when NO, was used (Figure 5) .  The heat of adsorption 
determined from these dta curves was -1.6 kcaVg NO, which is consistent with the conversion 
of NO + 0 to NOp Detection of this heat of adsorption by the instrumentation requires that 
the reaction occurred at the surface or within the pores of the sorbent, suggesting the carbon’s 
catalytic role in the conversion of NO to NO,. 

Desorbed Oxide. During all our experimentation, MS mass ion ratios were determined by 
monitoring m u  30/46. This ratio has been determined for all our experimental conditions and 
for all combination of the gases. As previously stated, mass 30 is the primary ion for both 
NO and NO, while NO, also exhibits a secondary mass ion at 46. The 30/46 mass ion ratio 
during temperature induced desorption, clearly suggests that the desorbed oxide is primarily 
NO, (Figure 6). 

Nitric acid production. The catalytic conversion of NO to NOz by the carbon and the 
desorption of NO, as the major product suggests that nitric acid production would be a 
possible by-product of a process using coal-based sorbents for combustion flue gas clean-up. 
When carbon a, exposed to simulated combustion flue-gas, was washed with either 
distilled/deionized water or 3% H,O,, the pH of the wash solutions decreased dramatically 
(Table I). This decreased was caused by an increase in the nitrate ion concenDations of the 
solutions (Table n). More work needs to be done in this area but these results suggest the 
possibility that nitric acid could be produced directly from the captured NO. without additional 
reactions or chemicals. 

SUMMARY AND CONCLUSION 
NO, in the presence of 0, and CO, was selectively captured by coal based activated carbons. 
The measured heat of adsorption indicated that NO present in the flue gas was catalytically 
converted to NO, at the surface of or within the carbon. The desorbed oxide species was 
identified as NO, by mass ion ratios (30/46). The presence of adsorbed NO,, which can be 
simply washed from the carbon as nitrate ion, suggests that the production of nitric acid as a 
by-product is possible. Our research has shown that coal based sorbents have the potential to 
be used in an environmentally benign process to selectively remove NO, from combustion flue 
gas. 
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Table I. pH of wash solutions from nimc acid production tests 

Wash solution PH Wash solution PH 
H,O Control 6.0 3% H,0JH20 Control 4.8 

H20, Unused C 6.1 3% H202. Unused C 6.4 

H20, NOx exposed C 2.1 3% H202, NO, exposed C 1.9 

Table 11. Nitrate ion concentration in wash solutions determined by IC 

Wash solution %NO; Wash solution %NO; 

H,O, Unused C < 1 ppm 3% Hz02, Unused C < 1 PPm 
H20, NOx exposed C 0.18 3% KO2, NO, exposed C 0.23 

Time in minutes 

Figure 1. Three cycle ads/des profile for NO, ads on carbon, a; gases: 2%NO, 5%0,, 
IS%CO,, 0.4%H20. balance He 
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Figure 2. NO, scrubbing test; mass 30 breakthrough curve; a = baseline NO level, b 
= gas pass through carbon initiated, E = NO breakthrough 
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Figure 4. Adsorption of 02, CO, and He on carbon. Gases: 0.6% N O  5% 0,; 15% 
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INTRODUCnON 
Currently the carbodgraphite industry uses petroleum coke as the main filler constituent 

in the manufacture of graphite. Anthracite has been successfully used as fillers for amorphous 
carbon electrodes, but has not been used in the production of graphite electrodes because of its 
non-graphitizable structure. Creating a cost-effective graphitizable anthracite, which would 
have characteristics to he a viable substitute for petroleum coke, would help fmd an alternative 
use for Pennsylvania's anthracite and reduce the industry's dependence on petroleum. In the 
present project, a unique approach to make graphite from anthracite, focused on modifying 
anthracite's precursor structure by adding a hydrogen-donating substance, has been conducted. 
This approach is based on two major hypotheses. First. a supply of donatable or transferable 
hydrogen is needed for the hydrogen-deficient anthracite structure to disrupt crosslink 
formation between aromatic structures within the coal. Secondly, an aromatic Liquid medium is 
needed to help prevent electronic interactions between aromatic structures and provide the 
fluidity necessary for aromatic realignment into the graphite structure. 

Several hydrogen donors were investigated. 9.10-Dihydroanthracene showed the best 
ability to donate hydrogen to anthracite and also formed a highly anisotropic anthracene coke in 
the process. Phenanthrene was selected as the aromatic liquid medium. Both anthracene and 
phenanthrene have been found to be highly graphitizable [l]. Although hydrogen was 
successfully donated to the anthracite, the hydrogen donation is believed to have only occurred 
at the surface and did not affect the internal structure of the coal. Previously treated samples 
showed good anisotropic character and approached the interlayer spacing of the graphite 
structure upon heating to graphitization temperatures, hut the graphitized anthracites did not 
show any layering characteristics or crystalline height, Lc [2]. Rouzand and others have found 
the structure and shape of the initial porosity and flow microstructures of the raw anthracite to 
he a major factor in the extent of graphitization of anthracite [3]. Because of the dependence of 
graphitizability on pore structure and the resistance of the internal coal structure to hydrogen 
donation, six anthracites were studied to determine their pore characteristics. Three of the 
anthracites, representing a variety of pore characteristics, were then selected to investigate the 
hydrogenation and subsequent graphitization of the anthracites treated with dihydroanthracene. 

-ites from various mines in the eastern Appalachian coal region were obtained 
from the Penn State Coal Sample Bank and Data Base. All of the pore characterization was 
carried out on 60-100 mesh samples. Helium pycnometry, using a Quantachrome 
Multipycnometer MVP-I, at room temperature was used to find true densities, weight per unit 
volume of the pore-free solid. Mercury porosimetry (Quantachrome Autoscan Mercury 
Porosimeter) was used to obtain the particle density, the weight of a unit volume of solid 
including pores. Values at 60 psi were taken since interparticle voids are more or less 
completely filled with mercury at this pressure. The volume percent of open porosity was then 
calculated from these two density measurements. Macro- and mesopore size distributions were 
also determined from mercury porosimetry. Both nitrogen and carbon dioxide surface areas 
were determined, at -196 OC and 0 OC respectively, using a Quantachrome Autosorb-1 
automated gas adsorption system. Nitrogen surface areas were calculated using the BET 
equation. However, the adsorption of N2 in microporous coals is severely limited and gives 
appreciably lower values. Carbon dioxide can reach much more of the coals' internal porosity 
[51. The Carbon dioxide surface area was calculated using the DR method. Both BET and DR 
plots showed a greater then 99.5% correlation to a strd;ght line fit. Nitrogen pore volumes 
were also obtained. Three anthracites were selected for subsequent experimentation: DECS- 
21, PSOC-1468. and PSOC-1461. 

Anthracite samples, -60 mesh, were charged in 20mL capacity stainless steel 
microautoclave reactors with a mixture of 75% 9.10-dihydroanthracene and 25% 
phenanthrene, in a 1 :2 coal-to-donor ratio. Ratios of higher amounts of dihydroanthracene 
mixture were also run. Reactions were carried out under 1000 psi nitrogen pressure in a 
fluidized sand bath. Reactors were continuously agitated to keep the reactants well mixed. A 
temperature- controlled heat treatment was used 3h initial hold at 200 "C, temperature increased 
to 550 'C at the rate of 5 "Ch, and a final hold at 550 'C for 2 h. The products were extracted 
with tetrahydrofuran (THF) for 24h. Optical microscopy samples were then made of the THF- 
insoluble material and analyzed under a polarized light microscope (Nikon microphot-FXA) 
with 35mm camera and video ports. Optical micrographs of typical areas were taken. Samples 
were further heat treated at 1500 'C for 4h and observed optically then graphitized. 
Graphitization was conducted at the Carbide /Graphite Group Inc. in St Marys, PA using an 
industrial induction furnace. Samples were heated to 2700 'C and 2900 OC for 5 hours in 
purified graphite crucibles. Graphitized anthracite samples were analyzed using optical 
microscopy again and x-my diffraction, SCINTAGAJSA PAD-V diflrmctometer with CuKa 
radiation. Calculations of the quality and the amount of the sample in the graphite structure 
were made using X-ray data. 
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RESULTS and DISCUSSION 
The open porosity of the six raw anthracites was calculated from helium and mercury 

densities and are recorded in Table 1. The mercury densities were calculated using the 
Washbum equation and all of the densities ranged from 1.53 to 1.63 dcm3. These values are 
about 0.2 g/cm3 higher than Mahajan and Walker's results for anthracites. This differencecan 
be explained by the fact Mahajan used de mineralized samples and a smaller particle size 
fraction, 40-70 mesh [6]. Helium densities ranged from 1.56 to 1.65 s/cm3, except for 
PSOC-1461 which had a considerably higher density of 1.79 dcm3. Anthracites have shown 
the presence of some porosity closed to helium 171. Curtz and Hirsh also used X-ray studies 
of anthracites to show interlayer spacings corresponding to true densities of 2.0 s/cm3, as 
compared to helium densities of 1.5 dcm3 [SI. PSOC-1461 possibly had a much smaller 
amount of this porosity closed to helium and therefore gave a much higher density value. 
Volume percent open porosity values were very small, less than 5.5% with exception of 
PSOC-1461. PSOC-1468 showed the smallest volume percent of 1.3%. 

Surface areas for nitrogen and carbon dioxide are also recorded in Table 1. 
Considerable care was taken to outgas the coals for over 24 hours due to the difficulties in 
removing moisture from the microporosity. The microporosity of these anthracite samples is 
clearly seen by the very low nitrogen surface areas and high carbon dioxide surface areas. 
Nitrogen surface areas ranged from 0.62 to 4.56 m2/g and were expected to correspond to the 
amount of open porosity calculations. but PSOC-1467. 1461 and 867 did not show such 
relationship. Carbon dioxide surface areas were much higher since C 0 2  can reach more of the 
coal's porosity and ranged from 320 and 460 m2/g. DECS-21 showed the largest C@ surface 
area while PSOC-1461 had the smallest surface area. 

The very small pore volumes recorded for nitrogen adsorption, Table 2, also oint to a 

Mercury porosimetry which was taken to 60,000 psi showed only an order of magnitude 
higher total pore volumes. The mercury intrusion results are also summarized in Table 2. The 
mercury pore volumes corresponded to the nitrogen volumes except for PSOC-1467. Mercury 
pore size distributions showed only a very small fraction of macroporosity. Mercury 
porosimetry can not measure the microporosity. The meso and macroporosity are of interest 
because this is the porosity which would be intruded by the hydrogen donor. The extensive 
amount of microporosity and lack of open porosity help point to the difficulties of gaining 
hydrogen transfer throughout the anthracite structure. There could be many reasons for some 
of the discrepancies seen in the pore characterization data. Smith and others listed some of the 
major reasons for the complications in pore characterization, of which the complex pore shapes 
and connectivities, along with chemical and physical heterogeneties, could easily be reasons for 
the difficulties in coal characterization [9]. 

Using the above data, three anthracites were selected for their varying pore 
characteristics to be further treated with the dihydroanthracene. The proximate and ultimate 
analyses for these three anthracites is shown in Table 3. DECS-21 was selected for its high 
C02  and N2 surface area and mid-ranged open porosity. PSOC-1468 was selected for its low 
open porosity, small N2 surface area, mid-ranged C@ surface area, and low total pore volume 
with the highest fraction of macroporosity. PSOC-1461 was selected for its high open 
porosity, and small C 0 2  surface area. Table 3 also shows these three samples have very 
different ash, carbon, hydrogen and oxygen contents. 

After samples were reacted, optical micrographs were taken. All three anthracites 
showed similar optical behavior at this stage; therefore, only the micrographs for DESC-21 
(Figure 1) will be discussed. Micrograph (a) shows the anthracite heated to 550 OC without 
hydrogen donor. The anthracite retains its ridged shape and shows a small amount of inherent 
anisotropy. Micrographs (b and c) are of the coal reacted with dihydro-anthracene at different 
magnifications. Micrograph (b) shows how the dihydro-anthracene has been converted to an 
anisotropic coke which surrounds and binds the anthracite particles together. However, no 
structural change in the anthracite particles can be seen at this stage. Micrograph (c) shows 
better the flow domains produced by the mesophase development of the anthracene. This 
micrograph also shows a very good binding of the anthracene coke to the anthracite. In future 
work, optical micrographs will be taken of samples heated to 1500 'C and after graphitization 
to observe if any of the anthracene is imbibed i n t  the anthracite particle and if any structural 
change of the anthracite has occurred. In addition, X-ray diffraction will be used to classify the 
quality of the graphite using interlayer spacing and Lc, and to determine the amount of graphitic 
material present using intensity data. 

very microporous structure. Total pore volumes ranged from 0.9 to 4.6 %IO- 4 cm3/g. 
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He Density Hg Density 

Table 2. Nitrogen adso 

open 
Porosity 

volume% 

5.3 

1.3 

2.2 

13.6 

1.6 

4.5 

Surface Area 
(m2/ 9) 

N2 co2 
4.13 460.4 

0.92 392.8 

4.56 379.7 

2.56 3 19.7 

1.31 425.8 

0.62 320.4 

Table 3. Analysis of ant 
Sample 
Seam 

Proximate Analvsis 
las rec.1 

% Moisture 
% Ash 
% Volatile 
% Fixed Carbon 
Ultimate Analvsis (drvl 
% Ash 
% Carbon 
% Hydrogen 
% Nitrogen 
% Total Sulfur 
% oxygen (W 

AtomicH/c (dmmf) 
PARR 

1 AtomicO/c (dmmf) 

Sample 

DBC-21 

PSOC-1468 

PSOC-1467 

PSOC-1461 

PSOC-1456 

PSOC-867 

(g/cm3) 
1.530 

1.63 1 

1.528 

1.549 

1.537 

1.562 

Carbon 

Wto/~(claf) 

90.33 

95.36 

'93.29 

93.47 

94.56 

95.07 

xion pore 

Total Pore 
Volume 
~ 1 0 - 3  

(cm3/g) 
3.7 

1 .o 
4.6 

4.2 

1.5 

0.9 

dume and mercury porosimetry. 
Hg Porosimetry 

Total Pore 
Volume 

(cm3/g) 
x10-3 

40.1 

28.9 

86.0 

48.2 

31.9 

27.9 

-acite samples 

Lykens Valley 
DECS-2 1 

3.99 
10.71 
4.33 
80.97 

11.15 
80.26 
3.56 
0.7 1 
0.50 
3.82 

0.5328 

0.0295 

Mesopore 
Volume 
x10-3 

(cm3/g) 
39.2 

27.7 

82.2 

48.0 

3 1.6 

27.9 

Ylected. 

Buck Mountain 
PSOC-1468 

4.5 1 
6.52 
3.49 
85.48 

6.83 
88.85 
1.29 
0.78 
0.49 
1.76 

0.1744 

0.0121 

vI a c r o p o r t 
Volume 
x10-3 

(cm34) 
0.9 

1.2 

2.7 

0.2 

0.3 

1.1 

PSOC- 146 1 
Mammoth 

3.06 
23.44 
3.89 
69.61 

24.14 
70.87 
1.45 
0.87 
0.74 
0.89 

0.2457 

0.003 1 



a. 

b. 

C. 

I 

Figure 1. Polarized optical micrographs of anthracite, DESC-21, 
heated to 550 "C; (a) untreated,, 100 X; (b) coal and 9,lO- 
dihydroanthracene, 1oOX; (c) coal and 9,1O-dihydroanthracene, 4OOX. 
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A l ~ t r t j c (  

h d o l i  and chemical vapor deposition. A detailed kinetics inodel of this reaction, developed lo 
explain combustion data.[ i s  applied with slight modification to kinetic data from alinoapheric- 
presslire thcrnial chemicnl v q w r  deposition (Vvl)) d Sir); films2. Wie model i s  also ccwlpnretl t o  
:I (:I 1.1 uxid:itiori iiiudcl nntler the s:une (:VI) conditions, 10 elucichte ditkrcnces iii 111c mid:itiuii d 
SiH.i and C:HJ under mild conditions. A kcy diffcrencc stems from tlic rates and major products of 
IIic rcxlicm ufO2 v;itli Sill3 YS.  CH3 mlicals. 

1111 rocluction 

rmin the combustion chemistry coinmunity.~ as well as the most comprehensive effort t i l  (late 
(hcrcaftcr callcd RIW after i t s  authors' initials)1. Meanwliilc, matcrials scientist!, clcctrwiics cii- 
giiieers, and others have been interested for over 2.5 years in a controlled version of silane onitla- 
tion under mild conditions, an exaniple of the now widely used technique ofcheinical vapor tlcpo- 
sitiuii (cvrq.4 .rile interest of  this latter group steins frorii the fact that this reactioii caii prutlucc 
thin I'ilnis of SO?, useful for a variety uf purpuscs iii the seniicunductur iiidustly and elscwlicrc. 

rich iii kinetic information (deposition rates as a function o f  distance along the gas flow iii the rc- 
actor untler a variety o f  concentrations and temperatures) obtained under relatively simple condi- 
tions of fluid flow (laminar flow between parallel plates).2 The report (hcrealier called IjH after i t s  
authors' initials) i s  a source of data anienable to modeling. antl I attenipted to model that data using 
the WIW mechanism with only slight modification. The conditions eniployed by liH (atmospheric 
pressiire, low SiH4102 ratios, mild renctioti) are sufficiently different from !how for which the 
RIW nieclianisni was developed (ignition data over a range ofpreciirw) as to trst the rollwtilrss 
of the IWW mechanism. 

'llie questions I addressed are: Cali the BW nieclianisni adequately model the EH tlara? 
How sliould tlie mechanism be modified? What are tlie principal paUiways oCtlic nicchaiiisiii uii- 
der theconditions employed by EH? How do these pathways differ Croin those of methane i)xi(I:+ 
tion? 

Coli1 prltiltional Met hod 
Model growth profiles were obtained by numerically integrating the applicable differential 

equations for reaction and diffusion in two dimensions. The equations describing reaction in tlic 
SiH4/02 system were the mass-action rate eqnations defined by the 70 reversible elementary reac- 
tions among 23 species listed by I3TW in theirl'ahle I. (I use thcir nuinhering in rcfcrring to reac- 
tions below.) For comparison, the CHqlO2 systeni was represented by 73 reactions total among 
19 species. This reaction list i s  the CHq/@ subset of a mechanism developed to model tlie CVI) of 
SnOz from (CH3)4Sn and O Z . ~  They dimension i s  normal to both the flow and the substrate in 
the horizontal, laminar-flow reactor; Uiex direction i s  along the flow, and i t  represents tlie temporal 
evolutioii of  the reaction. Inclusion o f  they dimension permitted explicit consideration of the large 
telnvratiire gradients present in tlie reactor along that diniensioli, hy allowing for spatially varying 
rate coefficients. It also facilitated treatment o f  diffusion normal to the substrate, antl direct eva111- 
atioll ofthe deposition rate from the diffusive flux onto tlie growth surface of species which stick 
10 the surface. Details on the coinputational methods are reported elscwhere.6 

Reslills and Discussion 
(:an the IWW mechanism adeqiiately model the I l l  dsti~'! 

the temperatiire of  the hot substrate, as shown in Fig. I; the activatioti energy i s  about 27 kl mol-' 
over the range 742-845 K. The maximum fi lm growth rate i s  weakly hut inversely tlepentlent on 
initial oxygen mixing ratio (always in large excess), as illustrated in Fig. 2. And the maximum 
growth rate i s  strongly dependent on initial silane mixing ratio. as shown in  Fig. 3. I f  the data 
(only threc data points) dcfine a power-law dcpendcnce. the order with respect to silanc is  around 
I 34. Increasing the flow rate pushes the position of the niaxiniuin deposition rate dowiistreain 
and spreads i t  out, without greatly altering the shape of tlie profile. Increasing the temperature o r  
tile wall o f  the reactor increascs the niaxiniuni deposition rate only slightly. and docs 11ot oth- 
elwise alter the shape of the deposition profile.2 

'fhe KIW mechanism led to model deposition profiles which reproduce all of the ahove 
trends, a l k i l  with higher deposition rates and earlier deposition maxima (discussed bcluw). 'llic 
activation energy of the maximum deposition rdte in the inodcl was about 29 kl mol-l over the 
nllge 742-84.7 K. as shown in Fig. I. The peak deposition rate declined slightly hut noticeably 
,lpoll increasing theoxygen inixiiig ratio Cram 1.7% to 25%. ;IS illiislralctl iii I:i& 2. :II~II(III~II Ihis 

'l'he oxidation of  Sill4 I)y 0 2  i s  a reaction of  interest to chemists in the areas of  I)otll con- 

' l l ie first serious attempt to inodel the kinetics of thc oxidation of  silane I)y oxysen came 

This paper focuses 011 a report of the l i lni  growth kinetics o f  such a CVI) process, R reporl 

'llie maxiinurn deposition rate in the prolilcs reported hy 131 is rather weakly tlepentleiit oil 
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inverse relationship .seemed to bottom out thereafter. 'I'he peak deposition rate followed a power 
law of order 1.46 with respect to initial silane mixing ratio, as illustrated in  Pig. 3. Douhling the 
flow rate doubled the downstrcam psilion of the growth maximum and praclically doubIcd thc 
width ofthe deposition profile. Increasing the temperature of the cold wall had virtually no effect 
oIi the model profile. 

Despite the success of the B'IW model i n  capturing the qualitative trends described ahovc. 
the deposition profiles produced by my model simulations did not greatly resenihle the proliles 
p&lislied by EH. (See Fig. 2, which illustrates one of tlie better resemblances between model and 
experiment!) I n  particular, tlie niotlel profiles peaked loo early and too high. To iinderstand this 
discrcpaiicy, it i s  nassary to note that in  all the model simulations preseiited here, the tcinpernturc 
was taken to be constant along the x (flow) direction. Ilia1 is, the short space needed for tlie gases 
to warn1 up to the reactor temperature was neglected. 'lliis simplifying assumptioii facilitated a 
substantial savings in computational effort and time, and significantly enhanced the numerical 
tractability of the model's differential equations. However, it also altered the position and magni- 
tude of the maximum deposition rate from what the model would predict if the development of the 
temperature field had been treated explicitly. The model deposition profiles presented here put the 
inaxiiiiitni deposition rate very close to the reactor inlet, certainly within the warm-up zone. My 
experience with modeling another rapid oxidation of silanes6" suggests that treating the transient 
temperature field explicitly would delay the deposition maximum until  the end of the warm-up 
zone, and spread out the deposition profile somewhat, concomitantly lowering the maximum de- 
position rate by some 30%. Ihereftire, the profiles presented here can he expected to have their 
deposition maxima pushed about 1 cm downstream, spread out, and lowered. These changes 
woultl bring the model profiles into much better agreement with the experimenlal data reporled by 
EH. Rut a rigorous and quantitative comparison must await simulations in which tlie tlevelopmeiit 
of tlic tcnipcrature field along tlic flow dira-tion is explicitly Irealed. 
I l o w  should the mechanism he niodilied? 

modified to reduce the deposition peak and move it downstream. That, I expect, will occnr with 
careful beatment of tlie early temperature field. Still, I considered the EIW mechanism flawed i n  
its treatment of the reaction of the SiH3 radical with @. The BIW mechanism includes several 
pmditct channels for this reaction, all proceeding through an excited adduct "xSiH?q", which is 
included explicitly in  the mechanism. First, the rate constant assigned to formation of the adduct 
(R 16 reverse) is two orders of magnitude greater than gas kinetic. Second. tlie temperature depn- 
dence of the effective BTW rate constant for the overall reaction 
( 1 )  SiH3+02 -+ products 
appears to contradict the only puhlished data on the s ~ b j e c t . ~  

and it% reverse reaction decreased by a factor of I 0 0  had no effect on the model deposition profiles. 
In  fact, decreasing the rate constants by a further factor of SO had a negligible effect. Thus, the 
13'W model results described above were not limited by the value of the rate constant for formation 
of the excited adductxSiH302. 

'he second objection, however, was not so easily resolved. Slagle et al. report a small 
iicgalive activation encrgy for rciction ( I )  over 296-500 K, whereas the effective activahi energy 
in  the BTW mechanism is positive over the same range. I tried replacing all the B'IW reactions in-  
volving excitedxSiH3q with a single direct reaction 

and I assigned to this reaction the rate constant reported by Slagle et al. The resulting model pro- 
files differed negligibly from those discussed above. Thus, not surprisingly, the excited xSiHJ02 
(when it was left in the mechanism) functioned as a flow-through species, at least under the mod- 
eled conditions. But making SiHZO + OH the dominant products of reaction (1)  is at odds with 
reports by Koshi et al. that HSiOOH + H are the major products (at least at rmm temperature and S 
Torr).* The BTW mechanism is actually consistent with the product branching ratio reported by 
Koshi et al., because it assigns a different temperature dependence to the product channels 
HSiOOH + H (R59) and SiHzO + OH (RM)). Thus, the BTW mechanism says that HSiOOH + H 
is the main channel at room temperature but SiH2O + OH at elevated temperatures; but that tem- 
perature dependence conflicts with Slagle et al. The problem is that the model only reproduced the 
EH data well if SiH20 + OH was the dominant channel. Yet i t  did not appear possible to construct 
rate constant expressions consistent with both Slagle et al. and Koshi et al. that also make SiHzO + 
OH the dominant channel at the temperatures employed by M. 
What ilre the principal pathways of the niechuaism? 

Model output included concentralion profiles for every species. 'Thus, it was possible to 
analyze the output to determine which reaction or reactions were primarily responsible for produc- 
ing and consuming each species. Piecing together these primary pathways allowed me to conslruct 
a simplified route from SiH4 via several intermediates to the deposited film. 'I'his sclicnic for Ihe 
H'IW model under EH conditions is shown i n  Fig. 4. 

The scheme amounts to a branching chain reaction propagated by OH and SiHj. SiH4 was 
primarily destmyed by OH in a hydrogen abstraction reaction (reaction R 13). The resulting Sil-13 
radical reacted with 02 via the flow-through intermediatexSiH3Oz to regenerate OH and produce 
SiHzO (R 16 reverse). SiH20 in turn reacted with H2O produced from reaction R13 ahove. yield- 
ing HSiOOH and Hz (R62). Successive removal from HSiOOH of the remaining H atoms by re- 
actions with @ (R65 and R67) produced SiOz, the main film depositing species.' Theoverall re- 
action stoichiometry implied by this sequence (assuming that the HO:! radicals formed in reactions 
R6S and R67 combine to form H2@ and 9) is: 

But in the nicdel, the H@ radicals also provide some branching, for sonic of them can go back to 
abstract hydrogen from SiH4 (R I S), 

. 

From the viewpoint of reproducing the experimental data. the model profiles should he 

The first objection was easily remedied. Running the model with the. rateconslants for R 16 

SiH3 + 0 2  + SiHzO + OH, 

SiH4 + 2 0 2  --f Si@+ HZ + H 2 q .  
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This reduced reaction set (including HO2 sclf-reaction, and supplemented by 
(R22) SiH4 --* SiH2 + H2 
to initiate production of reactive intermediates and by 
(R I 1  reverse) 
to include all the important reactions controlling OH concentration) was sufficient to capture the 
main features of the modeled growth profiles presented above. The dependence of the nlaxinlum 
growth rate on both (lie suhstrate teniperature and the cool wall temperature is small. Its d e p -  
dence on initial oxygen concentration is small (although, unlike the full model and experiment, 
positive). And its dependenceon initial silaneconcentration isclose to 1.5 order. 
I I U W  (lo these pathways differ from those of inethane uxidntion? 

OH + H2 -+ H2O + H 

In one sense, comparing principal pathways of methane oxidation and silane oxidation is a 
bit like comparing apples and oranges, for the two oxidations occur untkr different conditions. 
For example, under the concentration and temperature conditions employed hy EH, methane oxi- 
dation cssentiatly does not occur. To simulate methane tlepletioti conipamhle to the niotlcletl silane 
depletion under conditions of identical reactant concentrations, flow velocity, and temperature gm- 
dient, a substrate temperature nearly 300 degrees greater was necessary. Under such conditions 
the main pathway for carbon-containing species was the familiar sequence: 

CH4 -+ CH3 + CH30 -3 CH2O + CHO ---t CO I + C q l  . 
(The final product was a mixture of CO and C@.) At these temperatures. CH3 association with 
0 2  to reversibly form C H 3 a  was important to the CH3 budget, but i t  was essentially a detour 
Vrom the oxidation path. That is, CHiO was produced mainly by 

rather than in a pathway leading through CH3O2, such as decomposition of CH3OOH. 

conditions. Modeling CH3 oxidation at these lower temperatures showed a different oxidative 
pathway for CH3. Here CH3 rapidly and reversibly associated with 02 .  and the path to further 
oxidation passed through CH&.. via 

Of course generating initial CH3 concentrations equal to the initial SiH4 concentrations employed 
by EH under such mild conditions is unrealistic. Still, the importance of CH3O2 to methyl oxida- 
tion illustrated in this hypothetical case was also seen in the simnlations of ref. Sa, in which much 
smaller CH3 concentrations arose from decomposition of (CH3)dSn under CVD conditions. In 
ref. Sa, the sequence that led to CH3O was: 

Both here and in ref. 5a, the relatively low temperature and substantial pressure favored the asso- 
ciative channel in the reaction between CHI and 02 so much that the chain-branching, oxygen- 
splitting channel to CH30 was only a minor, even negligible, producer of CH30. 

In contrast, neither SiH30 nor a stabilized S i H s q  played an important role in the fate of 
SiH3 in the BTW mechanism under EH conditions or in direct studies of reaction ( I ) .  Several 
groups have reported that reaction ( I )  exhibits no pressnre dependence, at least at the low pres- 
sures (less than 27 Torr) studied; they interpret this pressure independence as evidence that forina- 
tion of a stabilized S i H 3 q  product is While it is quite conceivable that formation of 
S iH39 is negligible at 27 Torr and significant at atmospheric pressure, modeling evidence sug- 
gests that this is not the case. I varied the rate constant for SiH302 formation, and found that when 
it  was a significant channel of the reaction (I) ,  the activation energy of the peak deposition rate was 
much higher than observed by EH. If SiH3O2 played an important role, its decomposition (R36) 
with a substantial activation energy would contribute to the formation of SiHzO and subsequent 
steps on the path to film deposition. Reaction ( I )  is clearly an important step in silane oxidation, 
and further study of i t  is needed, particularly at atmospheric pressure and elevated temperatures. 

Conclusion 

from SiH4 and 0 2  with respect to temperature, reactant concentration, and flow velocity. A rigor- 
ous quantitative comparison of modeled growth profiles to experimental ones must await explicit 
treatment of the transient temperature field near the reactor inlet. The ability of the B’IW mecha- 
nism to model CVD data was not lost by changing its mte of SiH3 association with 02 to form a 
flo~-through’xSiH3@, provided that SiH20 +OH is the ultimate product of the encounter. ’ f ie  
reaction of SiH3 with e is an important step in silane oxidation, and one which differentiates 
silane oxidation from methane oxidation. The B’IW model was consistent with much hut not all 
the available data on the SiH3 + 0 2  reaction. 

CH3 + 9 --t CH3O + 0 ,  

Perhaps a more interesting comparison is to examine the oxidation of rrirrhyl under CVD 

CH3 + CH302 - CH30 + CH3O. 

CH3 2 CH3O2 + CH3OOH - CH30. 

The BTW mechanism qualitatively reproduced trends observed by Eli in the CVD of Si% 
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Fig. 1. Arrhenius plot for the peak deposition rate with respect to substrate temper- 
ature. Closed circles are model data; open circles experimental data. 
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Fig. 2. Model growth profiles under conditions which vary the initial oxygen con- 
centration while keeping the silane concentration constant. Circles without lines are 
model data; circles with lines are experimental data. 
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Fig. 3. Plot lo  determine the order of a possible power law relationship between 
maximum deposition rate and initial silane mixing ratio. Closed circles are model 
data: open circles experimental data. 
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Fig. 4. Major pathways in the BlW mechanism under EH conditions. The solid 
lines represent primary pathways, and the dashed line branching. 
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Abstract 
For the six different bituminous coals, the fusion temperature and chemical 
composition of coal ashes are determined. The slagging behavior of each 
coal ash is estimated by calculating two different slagging parameters. 
Accurate prediction of slagging behavior with calculated slagging 
parameters is difficult because of complex ash melting pehavior in the high 
temperature gasifier environment, It will be suggested that the optimum 
slagging condition for gasifier operation should be determined by measuring 
strength and deposition rate of slag in the specially-designed DTF(drop 
tube furnace) which is simulating 3 T/D BSU entrained-bed gasifier 
condition. 

1NTRODUCTION 
Recently, thermal power plants in Korea are utilized large amounts of 
imported bituminous coal for their energy source. Because of different 
characteristics of imported coal, standard ASTM ash composition 
measurements are used to predict slagging behavior of coal ash in the power 
plant. However, the estimation of ASTM method doesn’t show actual 
slagging/fouling behavior of coal ash because of complex ash melting 
behavior in the high tcmperature [ l ] .  

The objective of this study is to predict slagging behavior of coal ash 
from its physical and chemical properties and to construct a fundamental 
database by investigating the relationship of chemical composition, fusion 
characteractics and deposition strength of coal ash. The experimental 
results are obtained by utilizing ASTV method as well as DTF(drop tube 
furnace) which simulating an entrained-bed gasifier’s temperature and 
residence time. The results wi I I  be used in determining optimum operating 
condition of slagging gasifier which is the major part of Integrated 
Gasification Combined Cycle(1GCC). Another objective of the study is 
intended to prevent clogging phenomena of gasifier slag at gasfier outlet 
r:hich occurs due to solidification of melted slag, The result of this study 
can a l s o  contribute to the selection of candidate coal in the 3 ‘T/D 
BSU(Bench Scale Unit) gasifier rrhich is in the construction stage in Korea. 

EXPERlMENTAL METHOD 
In the systematic investigation, proximate and ultimate analysis of six 
different coals are conducted and the results are shown in ‘Table 1. All the 
coal samples are presently used as fuel in Korean thermal pmer plant. 
Rank of the coal samples shos wide range between sub-bituminous to 
bituminous. 

4nalysis of coal ash characteractics, such as chemical composition and 
fusion temperature, is performed in order to predict slagging behavior of 

method [21. Coals are heated from room temperature to 500% during 1 hour, 
then to 750% during 2 hour and leave for no more mass change at 750%. 
Chemical composition data of each coal ash is shown in Table 2. The acidic 
oxide constituents, such as SiOz. AI203 and Ti02 are generaly considered to 
produce high melting temperatures. Bhereas. ash me1 ting temperatures wi I 1  
be lowered proportionally with relative amounts of basic oxides of FezOa, 
CaO. blgO, Ka20 and Kz0. Coal ash samples are shown wide range of oxides 
composition as in Table 2. Counting the fact that coal sith 10\7 fusion 
temperature of coal ash has a higher propensity of slagging, it can be 

/ 

. 
coal ash. lnitially, coal ash samples cere made using ASTM standard ashing P 

i 
I 

894 1 



I 

predicted that Alaska coal \yith lov; contents of acidic oxide consistents 
and ROTO coal with high contents of Fez03 m i l l  have a higher slagging 
behavior than others. 

The fusion temperature of each coal ash was also measured by using ash 
fusion determinator (LECO-600). The cones iFere manufactured to pyramidal 
shape, height 19mm. base 6.5mm. The experiment was done with reducing and 
oxidizing conditions, tvith preheating temperature of 390'c, start 
temperature of 538%, final temperature of 1600% and heating rate of 8 'C 
bin. The surrouding gases sere used of Hz and COz mixture (50150) in 
reducing condition and air is used in oxidizing condition. The result of 
ash fusion temperature measurement is shoivn in Table 3. The result of 
fusion temperature experiments represents same ash fusion behavior as 
determined by chemical composition data. 

RESULTS AND DISCUSSION. 
Prediction of slagging behavior of coal ash was determined two different 
methods. Base/acid ratio is to be used as one of the indicators to predict 
slagging propensity of coal ash, which is defined as follows [3] .  

Fez03 + CaO + LlgO + NazO + KzO 

Si02 + 8120s + Ti02 
B / A  = . . . . . . . . .  (1) 

The calculation of slagging indicators (R,) using B/A ratio is as folloirs. 

R, = B / 4  X Total sulfur . . .  (2) 

If the R, value is less than 0.5, the possibility of slagging is low, more 
than 0.7, the slagging possibility is high and above one, the slagging 
propensity i s  severe. The R, values of the coal ashes used in the 
experiment are shown in Fig. 1. 

The slagging index(F,) suggested by Gray & Moore is calculared as follorrs 
[41. 

4 (  IDT)  + HT 

5 
Fz ;1 .......................... (3) 

Comparing F, value with slagging behavior, if F, value i s  from 1505C to 
1615C, siagging possibility is loiv. from 1325% to 1505%. slagging 
possibility is high and less than 1325'C. the slagging possibility is 
severe level. The F, values of the sampled coal ashes are shoirn in Fig. 2. 
The slagging behavior of Alaska coal and HOIO coal is quite high from thc 
result of F, value calculation of the candidate coal. For case of SOV4 
coal, an accurate fusion temperature can't be measured due to fusion 
temperature exceeds maximum temperature range of ash fusion determinator. 
But from the result of F, value calculation, it i s  thought that NOVA ash 
sample deosn't show slagging characteristic in gasifier. Furthermore. 
result of H, value calculation of the six coals doesn't represent any 
slagging behavior. But compared with the measurement of fusion temperature, 
Fs value and chemical composion data show slagging behavior in several coal 
samples. .As a result, Rs values determined by Eqn. (2) and Fs  values by 
Eqn. (3 )  illustrated somewhat different results of slagging behavior of' 
coal ash. 

Up to the present, coal ashes are manufactured by ASTM method and the 
slagging behavior of the coal ash is predicted by measuring its chemical 
composion and fusion temperature, But it is expected that the slag produced 
in actual gasifier i s  quite different from that by ASTbI method. Because of 
complex processes in gasifier such as, higher heating rate and the 
volatilization of loiv melting ash component, precise prediction of slagging 
should be determined by measuring chemical composition, particle size, 
deposition ratc of the slag produced by DTF, which represents simulated 
condition of an actual gasifier's temperature, gas compositioin and heating 
rate. With this finding in mind, a specially designed DI'F is  constructed to 

895 



determine actual slagging behavior of coal ash. It can get a heating rate 
of 10'K/sec and maximum temperature of 1900K close to real furnace. The 
schematic diagram of the DTF system is shown in Fig. 3. Steam generator was 
added to simulate gasifier condition. Deposit probe is also installed t o  
get slag from main reactor tube. In the DTF, the ash transformation process 
of original coal is determined by analyzing ash produced with different 
residence time in DTF experiment. Distribution of inorganic materials in 
coal and thermal, chemical, physical characteractics of ash is also 
considered by analyizing molten ash produced by DTF. Bith deposition probe 
at the loa part of DTF, deposition rate of molten slag is measured and 
composition, structure and strength of deposited ash on the probe is 
analyzed. All of the experimental data will be used to establish the ash 
slagging mechanism in coal gaifier condition. 

CONCLUSION 
Chemical compositions and ash fusion temperatures were determined for 
different coals which is presently used in Korean power plant. Relationship 
between measured value and slagging behavior mas evaluated by calculating 
two different slagging parameters, Rs and Fs. Slagging indicator (Rs) and 
Fs (slagging index) evaluation result show somewhat contradi tory behavior 
of ash slagging behavior due to standard ASTLI ashing method doesn't 
represent actual gasifier slagging conditon. As a result, precise slagging 
prediction of coal ash should be done with simulating gasifier condition 
such as one in DTF. 
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Table 1. Proximate & Ultimate Analysis of coal Ash samples 
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Table 2. Chemical Composition o f  coal Ash samples 
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ABSTRACT 

Samples of Beulah-zap lignite, Black Thunder and Wyodak sub- 
bituminous, and Illinois #6 high volatile bituminous coals have 
been prepared by acid treatment to remove exchangeable cations. 
Subsequent treatments were made with solutions of catalytic met- 
als including iron or cobalt or nickel to exchange with the acid 
sites, or with molybdate to adsorb on the surface. Samples were 
then subjected to liquefaction conditions in microautoclave 
tubular microreactors and solvent extraction was used to estab- 
lish total conversion or yields of oils, asphaltenes and preas- 
phaltenes. Results of the liquefaction experiments are compared 
with the catalyst loadings. 

INTRODUCTION 

I 

i 
f 

The use of catalysts to improve the liquefaction of lower rank 
coals has a number of advantages. The disadvantages of cost and 
recovery of these metals has led to a study of methods of 
application which can place small amounts of metal on the coal to 
minimize the cost and need for recovery. A variety of techniques 
have ,been used for catalyst application, including blending, 
"incipient wetness", ion exchange and surface adsorption. This 
paper provides details of some recent work with the ion exchange 
and surface adsorption techniques and subsequent liquefaction ex- 
periments. 

An earlier paper (1) has indicated the value of these techniques, 
and some structural aspects of ion exchange studies as part of 
the preparation for catalyst loading. 

The coal structure of low rank coals is known to contain reactive 
functional group types including carboxylate and phenolic. The 
proportion of these groups decreases with increasing rank. The 
carboxylates are known to be able to act as ion-exchange 
materials. The functional groups are frequently linked to a 
variety of alkali and alkaline earth cations. The inorganic cat- 
ions can be detrimental due to fouling of boilers during opera- 
tion or reducing yields for liquefaction. 

The latter deleterious effects of calcium in the coal (and any 
other exchangeable cations) can be overcome by removal of these 
species. A number of studies have indicated that low rank coals 
can be treated with acids to exchange the cation species with 
hydrogen ions (2-4). The cations can then be washed away from 
the coal to minimize their effect. A sulfurous acid treatment 
will also remove cations and prepare the the samples for ion ex- 
change (5). 

EXPERIMENTAL 

Ion Exchanqe - Acid Washing 
The samples were a Black Thunder mine (Wyoming) subbituminous 
coal and the Argonne Premium Beulah-Zap lignite, Wyodak sub- 
bitUminOUS, Illinois # 6  high volatile bituminous coals (6). 

The acid washing treatments involved the three. Argonne coal 
samples. The -20 mesh samples were dry screened to -20+200 mesh. 
weighed amounts (about 30 grams) of the screened samples were 
slurried with deionized water. Fines (still -200 mesh) were 
decanted away from the slurry using about 200-600 ml of water. 
The Slurry, containing about 15-20 grams of coal, was washed into 
a special 50 ml burette. The burette had been fitted with a 
coarse fritted glass disk at the 50 ml mark to retain the coal 
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but allow solutions to pass. Fine coal particles had to be 
removed to avoid pluggage of the frit. A siphon flow provided a 
uniform flow of 0.1 N HN03 (or H2S04 for some of the Wyodak Coal) 
to the sample. Acid flow rates were typically about 1-3 ml/minute 
and were set according to the ability of the solution to pass 
through the coal bed. Following the treatment with the acid, the 
samples were washed with distilled water fed by the siphon, and 
the record of pH and ion concentration was obtained in a manner 
similar to that for the acid treatment. The burette tip was 
fitted with tubing to connect a flow-through pH electrode from 
Cole-Parmer, or from Microelectrodes, Inc (Londonderry, NH) and 
with ion-selective electrodes for Ca+2, Na+ and K+. The 
electrodes were used with an Orion EA940 pH meter. The pH meter 
in turn was connected to an IBM model AT computer for data ac- 
quisition. A program was written which allowed data points to be 
acquired at specific intervals in the range of 10-18 seconds. 
The data files were then manipulated with a word processor and 
Lotus 123 macros to permit plots to be drawn of the data. 

For the Beulah-Zap and Illinois #6 coals, the calcite reacted 
with the acid to produce bubbles of carbon dioxide in the column. 
These bubbles tended to block the flow of acid. Therefore, an 
initial acid treatment was given before the burette studies for 
further samples. The acid wash was followed by a water rinse. 
Three cycles of acid wash and water rinse were used before the 
catalysts were added to the coals. 

The Black Thunder sample was prepared by blending a large sample 
and screening to obtain a -8+20 fraction. This material was al- 
lowed to contact sulfurous acid for 4 hours. The acid and dis- 
solved mineral matter were filtered and flushed with water. 
Samples of this treated coal were used for the catalyst loading. 

Catalvst Loadinq 

Catalyst materials were added by ion exchange or adsorption tech- 
niques. For the addition of Fe, Co or Ni, solutions containing 
1000 ppm of metal were made up and added to acid washed coal 
samples. The solution of ferrous sulfate was acidified slightly 
to avoid precipitation of hydroxide species. The amount of solu- 
tion used was twice the desired amount to be added for any of Fe, 
Co or Ni. This amount was added to the coal slurry, stirred well 
and allowed to exchange for up to about 42 hours. For the addi- 
tion of Mo, the procedure developed by Schroeder was used (8). 
The MO concentration used was 1500 ppm at a pH of 2. The adsorp- 
tion is relatively rapid and provided the loadings indicated in 
Schroeder's procedure. Following reaction with the coal the 
catalyst solution was washed from the coal with several volumes 
of distilled or deionized water. The weighed solution was then 
analyzed for concentrations of the catalyst materials. Catalyst 
loadings were determined from the difference in the amount of 
material in the initial and final solutions. 

Liauefaction Studies 

Initial coal samples (comparing raw, water washed and acid 
washed) were liquefied in tubular microreactors to establish 
yields based on THF solubility (total conversion) and heptane 
solubility (oil yield). Conditions were: solvent 1-Methyl Nap- 

tion, cold charge at 1000 psi H2, (1700-1800 hot), reactor volume 
of about 20 cm3. The reactor charge was 29 of 1- 
methylnaphthalene as the reaction solvent and 1.33 g maf coal. 
Later tests with catalyst-loaded samples included 0.67 g pyrene 
as a test hydrogenation compound. 

For the Wyodak samples, some runs were made with a process- 
derived solvent, designated V1074, obtained from the Wilsonville, 
Alabama liquefaction pilot plant. A hydrogen donor solvent, 
dihydroanthracene (DHA), was also used for comparison. 

the reactor with THF. Conversion of coal to THF solubles was 
determined. In the initial test the residue solubility in hep- 
tane was also determined. For the Catalyst-loaded samples The 
amount of pyrene hydrogenation to hydrogenated products that oc- 
curred in the reactions was obtained by gas chromatographic 
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analyses using a Varian Model 3400 equipped with a J&W DB-5 fused 
Silica 30-m column and flame ionization detection. 

RESULTS AND DISCUSSION 

Ion Exchanqe 

The readings from the electrodes indicated that the coals were 
washed free of exchangeable cations with the exception Of calcium 
after the first cycle. The calcium came out during the water 
rinse Over a pH range of 1.5-2.5. The possibility of calcium in 
the clay of the samples is assumed from this data. Additional 
calcium was removed during the later cycles using either the acid 
or the rinse water. The final concentrations were micromolar. 

Liquefaction Studies 

Initial runs were made to compare fresh material from ampules and 
acid treated Wyodak samples. Samples of the raw coal were com- 
pared with both water-washed and acid-washed Wyodak samples. 
Ash values were also obtained. The water-washed and acid washed 
samples were dried before the ash determination. The results are 
summarized below. 

Values in % 
Coal Sample moisture ash dry ash reduction 
Raw 27.39 6.31 8.69 0 
Water washed 6.4 7.81 8.34 4.0 
Acid washed 6.96 3.46 3.72 57.2 

These microreactor liquefaction results are summarized below. 

Raw Sample THF soluble Heptane soluble 
(total conv.) (oil yield) 

Raw 55.2,56.1 34 
Water Washed 4 4  27 
Acid washed 37 24 

The total conversion and oil yields of the three initial samples 
decreased with the extent of treatment. This effect may be due 
to the amount of handling, which increases oxidation. The 
samples were kept under a layer of water to avoid oxidation. 

Samples of acid washed Beulah-Zap, Wyodak and Illinois #6 were 
compared in several solvents. 

The results for total conversion are indicated below: 

Coal 1 MeNap. V1074 DHA 

Beulah-Zap 73.5 

Illinois #6 86.4 
wyodak 71.4 

74.1 
85.9 
86.5 

86.7 
86.9 
86.4 

The reaction conditions were: 41OoC, 30 min., no catalyst and 
1250 psig H2 introduced at ambient temperature. 

The Illinois #6 sample gave consistent relatively high total con- 
versions. This sample had the highest total sulfur content in 
these coals. For the wyodak coal the process derived solvent and 
the hydrogen donor solvent gave very similar total conversions, 
while the non-hydrogen donor solvent gave lower conversions. For 
the Beulah-Zap coal, the non-donor solvent and process-derived 
solvent gave very similar conversions which were less than that 
obtained with the hydrogen donor solvent, dihydroanthracene 
(DHA) . The DHA gave very similar total conversions with each of 
the coals. The maf organic sulfur % values for the Illinois #6, 
wyodak and Beulah-Zap are: 2.38, 0.47 and 0.70. The pyritic sul- 
fur values are: 2.81, 0.17 and 0.14. 

Subsequent catalyst loading produced a series of samples in 
several batches to give a variety of loadings in the 100-1000 ppm 
range. These were also run in microautoclave tubing reactors to 
establish liquefaction yields based on THF solubility (total con- 
version) and pyrene conversion (catalyst reactivity). 
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The samples prepared with Ni and Co were run about one month 
after preparation, and the others about two months after. 

The results of duplicate runs are given below: 

Sample 1st 2nd 
Cat. Cat. 
m g .  Ldg. 

Black Thunder 

One catalyst metal 
BT- 1-MO 829 
BT-1-Fe 548 
BT-1-CO 212 
BT-1-Ni 257 

BT-2-MO 4 18 
BT-2-Fe 483 
BT-2-CO 83 
BT-2-Ni 464 

Two catalyst metals 
Fe-Mo-1 456 210 
Fe-Mo-2 484 70 

Fe-Ni-1 408 224 
Fe-Ni-2 472 106 

Wyodak Samples 

Wyodak, raw none 
(no washing) 

Wyodak, none 
(nitric acid washed) 

(Sulfuric acid washed) 
WY -Mo 847 
WY-Fe 552 
WY-co 668 
WY-Ni 822 

Ave . 
Coal 
conv. 

65.5 
60.1 
63.3 
64.0 

63.3 
65.9 
65.1 
66.0 

69.1 
66.5 

67.5 
66.4 

71.4 

41.6 

74.2 
74.7 
53.3 
75.5 

Ave . 
Pyrene 
conv. 

5.3 
3.4 
2.9 
2.6 

3.1 
3.0 
2.9 
2.9 

5.3 
4.8 

3.9 
4 . 0  

2.0 

3.1 

4.5 
3.3 
2.5 
3.1 

Cobalt was much more difficult to get on the coal than the Fe or 
Ni. The analyses of metal loadings are good to 10%. Individual 
determination values ranged up to 4% different from the averages. 

For the Black Thunder coal, regardless of the metal type, metal 
loading or batch, the coal conversion was very similar and ranged 
for individual determinations from a low of 59% for Fe batch 1 to 
a high of 70% for Ni batch 2. The coal conversions for the com- 
bined metals were slightly higher and less variable than the in- 
dividual metals. Pyrene conversions tended to be higher for the 
combined metals than for individual ones. 

Wyodak coal which had been acid washed with H2SO4, with the 
exception of the Co treated sample, gave higher coal conversions 
than the Black Thunder samples. The primary hydrogenation 
product produced in each reaction was dihydropyrene. The overall 
conversions do not appear to be as high as reported for a number 
of other Catalyst preparations. The comparison sample of Wyodak 
which had been acid washed, but with nitric acid, gave substan- 
tially lower total conversion. This may reflect the state of 
oxidation of the coal. 

The pyrene conversion, an indicator of hydrogenation activity, 
was highest for the Mo catalyst preparations. 

CONCLUSIONS : 

1. Catalytic metals including Fe, Ni and Co as well as Mo can be 
placed on lower rank coals following an acid wash in a wide range 
of concentrations. 
2. Comparisons of raw, water washed and acid washed sub- 
bituminous samples show reduced yields for more significant 
treatment. 
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3 .  The preparations with different catalysts tended to give 
similar total conversions. 
4 .  Somewhat higher conversions for the Wyodak coal were ob- 
tained from samples which had been treated with sulfuric acid to 
remove exchangeable cations. 
5. Conversions were uniformly high with all solvents for the 
highest rank samples. Lower rank conversions were lower for the 
non-donor solvent and also, for the lignite, for the process 
derived solvent. 
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ABSTRACT 

The specific molecules that initiate the reactions that lead 
to fuel sediments are difficult to isolate chemically. Several 
diverse mechanisms could be invoked to explain experimental 
findings: electron transfer initiated oxidation mechanisms, free 
radical hydroperoxide initiated oxidation mechanisms and soluble 
macro-molecular oxidation mechanisms. In actual practice, these 
specific reactions, in addition to many other mechanisms are 
simultaneously occurring. Results from our experiments demonstrate 
that acid catalyzed condensation reactions followed by a rapid 
increase in polarity caused by hydroperoxide induced oxidation 
steps can mimic the sedimentation processes observed in many middle 
distillate fuels. 

INTRODUCTION 

Instability can be thought of as an interactive process 
involving the four main functional groups listed in Figure 1. The 
difficulty arises in isolating the chemical importance of each 
functional group and specific mechanisms to the overall process. It 
is amazing that less than 1 ppm of the fuel itself is involved in 
the process that has the potential to be detrimental to a whole 
storage tank. 

Figure 1. Functional Groups Involved in Incompatibility 
Reactions. 

R-CZC- + R-N- + R-8- + R-O-O- 

Organo- 
Hvdrocarbon Nitroaen 
Alkenes Indoles 
Indenes Carbazoles 
Monocyclics Pyrroles 
Bicyclics Qinolines 
Polycyclics Pyridines 

Piperdines 

Organo- 
Sulfur 
Sulfonic Acid 
Thiols 
Disulfides 
Sulfoxides 
Sulfides 
Thiophenes 

Organo- 
Oxvaen 
Hydroperoxides 
Dissolved Oxygen 
Carboxylic Acids 
Peroxides 
Aldehydes 
Alcohols 

RESULTS AND DISCUSSION 

Based on sediment analysis, it is a reasonable contention that 
the incompatibility of fuels can be explained by the functional 
groups listed in Figure 1. A myriad of chemical reaction pathways 
could be derived from these various functional groups in the 
following mechanisms; the hydroperoxide initiated polymerization 
oxidation reactions with olefins to *produce gums' ; an electron- 
transfer-initiated-oxygenation (ETIO) , followed by reactions that 
result in degradation; the hydroperoxide oxidization of organo- 
sulfur compounds to sulfonic acids which then subsequently catalyze 
condensation reactions between the other functional groups present 
leading both to incorporation of heteroatoms and a simultaneous 
increase in polarity and molecular weight and thus precipitation 
from the fuel3; and finally, the same reaction sequence could be 
used to describ4e the soluble macromolecular oxidatively reactive 
species (SMORS) . The exact chemical composition of the sediment 
will depend on the chemical composition of the particular fuel. 
Individual fuels display unique sediments. These functional groups 
are involved in both chemical and physical processes that leads to 
deleterious solids. However, certain compound classes are observed 
to be common to all sediments. Thus, the presence of these heterg- 
atomic compound classes can be used as incompatibility predictors. 
All of these processes depend on dissolved oxygen and/or hydroper- 
oxides to initiate the processes leading to degradation. Remove 
molecular oxygen and/or hydroperoxides, usually by clay filtration, 
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and fuel compatibility will improve dramatically5. 
In the sedimentation process, a major unknown is the identity 

of the soluble precursor to these sediments. Figure 2 illustrates 
both the chemical and physical processes that lead to sediment 
formation. These precursors are in the early stages of research. 
These precursors, SMORS, could be the result of the Catalytic 
cracking process of the petroleum crude. A classical chemistry 
description of SMORS is that they are derived from monomers in the 
fuel itself. However, this description fails because Of the 
fnability to link any SMORS precursors in the fuel to the 
lnsolubles formed in the fuel. If this intermediate could be 
chemically elucidated, the sedimentation process observed in 
Practically all middle distillate fuels, incompatibility would be 
better understood. 

Figure 2 .  Chemical and Physical Processes that Lead to 
Insoluble Products 

CHEMICAL PROCESSES 
Fuel 
Middle 
Distillate 
Fuel 

1 
Soluble Macromolecular Intermediate 
fuel oxidation intermediates 
fuel soluble 
increasing polarity 

' N, 0, and S incorporation 

Insoluble Products 
1 

fuel sediments 
high heteroatom content 
Molecular weight >>500 

PHYSICAL PROCESSES 
Coalescence 
insoluble products 
1000 - 5000 'A 

1 
Surface Effects 
Collect on walls 

and 
fuel lines 

1 
Temperature Effects 
extensive oxidation 
at high temperatures 
leads to coking 

It is thus easy to imagine the situation in which a blended 
fuel could pass the required accelerated test method, ASTM D2274. 
at the refinery, butthen form large amounts of insolubles when it 
reaches the consumer6. Because of the increasing use of blended 
stocks, there is no "one" middle distillate fuel consequently, 
there is also no "one" mechanism of degradation. However, the 
mechanism and the functional groups involved will give a general 
but not specific mode of incompatibility. The key reaction in all 
incompatibility processes is the generation of the hydroperoxide 
species from dissolved oxygen. Once the molecular oxygen and/or 
hydroperoxide concentration starts to increase, macromolecular 
incompatibility precursors can form in the fuel. Acidlbase 
catalyzed condensation reactions then rapidly increase the 
polarity, chemical incorporation of heteroatoms, and the molecular 
weight. 

Three related, but separate reaction regimes can be used to 
explain the chemical incompatibility that is occurring during the 
different stages that a fuel goes through in its lifetime. At the 
refinery or in the early life of a fuel, SMORS, incompatibility can 
best be explained by acidlbase catalyzed condensation reactions of 
the various organo-nitrogen compounds in the individual blending 
stock themselves. These acidlbase catalyzed processes are usually 
very rapid reactions with practically no observed induction time 
period. when the fuel is transferred to a storage tank or other 
holding tank incompatibility can be explained by a second slow 
mechanism; the free-radical hydroperoxide induced polymerization of 
active olefins (gums). This is a relatively slow reaction, because 
the increase in hydroperoxide concentration is dependent on the 
dissolved oxygen content. These gums can be quite deleterious to 
combustion machinery. The third incompatibility mechanism involves; 
the degradation reactions observed when the fuel is stored for one 
or more years. Extended storage is a common practice for the 
military. The incompatibility process can be explained by a 
complicated set of reactions. It involves first the buildup of 
hydroperoxide moieties after the gum reactions; then a free-radical 
reaction with the various organo-sulfur compounds present that can 
be oxidized to sulfonic acids; then reactions such as condensations 
between organo-sulfur and nitrogen compounds and esterification 
reactions. This is the slowest of the reactions because of the 
hydroperoxide induction period and the subsequent oxidation of the 
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organo-sulfur compounds. 
A matrix involving time, temperature, heteroatoms, hydro- 

peroxides, and other reactive species present in fuels in the 
context of accelerated storage is complicated. Accelerated fuel 
stability tests are important to both producers and users of fuels 
so an understanding of these interactions is important. Model 
dopant studies provide a method for isolating some of these 
variables. Model studies to define chemical incompatibility work 
well with gasoline and jet fuels. With chemically more bomplicated 
diesel fuels, they are somewhat less reliable. With relatively 
simple fuel, model studies set the parameters for incompatibility. 
Thus tests performed to mimic long-term storage give results that 
are definitive as long as the temperature employed is low enough 
not to initiate homolytic hydroperoxide reactions (<lOO°C). Higher 
temperatures enable storage tests to be completed in the minimum 
time, a producer advantage. The significance of the accompanying 
uncertainty of the observed sediment-producing processes in 
relation to the real ambient storage conditions may be dominant, a 
user disadvantage. Much of the early work has concentrated on the 
use of organo-nitrogen and sulfur compounds, both basic and 
non-basic, as dopants. It was demonstrated that the solid formed 
from these dopants were similar to the solids obtained from shale 
liquids themselves. The promotion of sediment formation by these 
dopants has been reported to be a facile process. 

In a series of papers starting in 1987, results were reported 
that explained some of the inconsistencigs. observed with deposit 
formation and sulfur compound interactions ' . The authors show that 
the stability of an unstable middle distillate fuel was improved by 
treatment with sodium hydroxide. The subsequent addition of a 
sulfonic acid, 10 ppm of naphthalene sulfonic acid, restored the 
instability of the base washed fuel. A linear relationship between 
deposit formation and sulfonic acid concentration confirms that the 
formation of a strong acid is a limiting factor in storage 
instability. Further, the deposits generated by the sulfonic acid 
treatment were found to be identical from those formed from the 
fuel itself on storage. It was further reported that the chemical 
structures observed in the sediment precursors consisted of indoles 
linked to a phenalene ring system. In the particular diesel fuel 
studied, phenalene was detected. Oxidation products, i.e., various 
phenalenones, were observed to increase in concentration as the 
fuels were aged under ambient storage conditions. This appears to 
be a major step forward in the chemistry of sediment formation. 
However, much more study is needed to extend this observation to 
other middle distillates. 

No results or 
sediments based on fuel system ET10 are available. For ET10 to be 
a viable concept in fuel degradation, two significant phenomena 
must be operative: a rate law based on oxygen order; lack of 
chemical response to both amine and phenolic free-radical 
inhibitors. Other model systems employing 3-methyl indole and the 
anthraquinone molecular ion have results that show ET10 operating 
in model systems. 

The data in Table 1 show the results for a model system 
employing 3-methylindole and various acids present as co-dopants. 
A comparison of the sediment from the undoped to the carboxylic 
acid doped systems show a remarkable similarly in formula. Infra 
red and mass spectral results show tqetthe carboxylic acid groups 
are not incorporated in the sediment . In the case of the strong 
acid dodecylbenzene sulfonic acid (DBSA) however, the results are 
quite different. The sediment generated by this acid inyFrporated 
the DBSA moiety into the sediment, this was confirmed by C nmr and 
field ionization mass spectrometry. 

ET10 results are primarily from model systems. 

Table 1. Elemental Analysis Data for Sediments Derived from 
3-Methylindole in a Middle Distillate Fuel with Added Co-Dopants 

CO-DODant* N C H 0 S Emvirical Formula 

Hexanoic acid 5.65 72.16 5.78 16.41 - Cl,.&14.2N02,4 
Decanoic acid 5.81 72.55 5.76 15.88 - 
Dodecylbenzene 
sulfonic acid 5.10 73.33 8.20 5.65 8.45 C18,,H,,.,Nl.,S0,.3 

Percent bv Weiaht 

None 5.36 72.63 5.88 16.13 - C~S..H~S.~NO~,~ 
Acetic aid 5.57 72.72 5.92 15.77 - C~S.~H~~.BNO~,S 

* Concentration dopants = 3.21 x ~ o - ~ M  
3-MI = 450 ppm N 
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The organo-sulfur moieties that have proved to be the most damaging 
are the thiols, disulfides and sulfonic acids. These results and 
those from other studies have indicated that some Sulfur compounds 
might be inhibitors fo8 controlling hydroperoxide formation in 
middle distillate fuels. However, they control the peroxides by 
undergoing oxidation to sulfonic acids as depicted in Reaction 
scheme 1. Partially oxidized sulfur species such as sulfoxides and 
sulfones are not generally deleterious". Thiophene related 
Compounds are very resistant to oxidation and are thus harmless in 
the stability process. Sulfonig acids are the most deleterious 
dopant that we have studied"' . Thiols are excellFnt radical 
Scavengers in both fuels and in model fuel systems' . The most 
Probable mechanism for the reaction sequence for a thiol involved 
a hydrogen abstraction step by a t-butoxy radical that was 
generated from a peroxide species, such as t-butyl hydroperoxide, 
t-C,H,OOH. Once a disulfide is generated, steps [a and b], one or 
both pathways, [c and e], exists for sulfonic acid formation. 

Reaction Scheme 1. Reaction Pathways of Hydroperoxides and 
Disulfides to Produce Sulfonic Acid 

[a] C,,H,,SH + (CH,),CO* ~ > (CH,),COH + Cl2HZ5S* 
H a b s t r a c t i o n  

[bl 2 C12Hz5S- ___ > (CIZHZ~) S-S (c12H25) 

R-S-S-R + t-C4HgOOH ~ > [CI or [dl 
IR = C1ZH25} 

[C] R-SOH - > R-SOOH - > R-SO,H 
sulfenic acid sulfinic acid sulfonic acid 

0 ? ?  0 0  

0 6 0 0  
[d] R-S-S-R -> R-B-S-R -> R-S-S-R -> R-$-+R + t-C,HgO. 

thiolsulfinate thiolsulfonate sulfinyl disulfone 
(1) (11) sulfone ( 111) ( IV) 

[e] (IV) + 2 t-C,H,OOH - > 2 R-SO,H + 2 t-C,H,O- 

However, sulfenic acids and sulfinic acids have not been observed 
either in model systems or in fuels. The partially oxidized 
species, products I - IV in step [d], have been observed in fuels 
and model oxidation systems". Product IV, a disulfone, by reaction 
with a mild oxidant, h@roperoxides, generates the corresponding 
sulfonic acid, step [e] . 
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PHENALENONE-INDOLE COUPLING PRODUCT: THE NATURE OF 

KEYWORDS Diesel Storage Stability, F?MS. Indoles, Phenalenones. 

ABSTRACT 

There is a growing acceptance of the theory that insolubles formed during storage of diesel oils 
result from the acid-catalyzed coupling of phenalenone and alkyl indoles. Field ionization mass 
spectrometric analysis of the Sediments show prominent peaks due to alkyl indoles as well as those 
due to coupling products of phenalenone with one, two, three or four alkylindole moieties. 
However, conspicuous by their absence are peaks due to alkylphenalenes and phenalenones. 
FIMS analysis of a coupling product of phenalenone with indole, shows a prominent peak at 182 
Da, that can be assigned to dihydmphenalenone. Most peaks in the spectrum, including minor 
ones, lend themselves to straightforward interpretation in terms of the known chemistry of 
coupling. Peaks corresponding to phenalene with one and two indole units were also prominent in 
the specrmm. Satellite peaks corresponding to hydrogenation and oxidation products are also 
present. Their presence indicates a multitude of redox reactions that accompany the coupling. 

INTRODUCTION 

Storage of diesel fuels often results in the formation of deposits that cause problems with filtration 
and pumping of the fuels. Furthermore, some soluble gum is also formed that subsequently forms 
deposits on the hot engine parts causing additional problems. Numerous tests have been 
developed to predict the tendency of a fuel to form deposits.(l) Often, these tests requk stressing 
the fuel at elevated temperatures, and the relevancy of such tests to storage conditions is not clear. 
Studies have also been conducted with dopants (2.3). but again it is unclear whether the deposits 
formed in the presence of the dopant are the same as those formed under storage. An improved 
chemical understanding of the nature and causes of deposit formation is clearly needed. Chemical 
characterization of the sediments is valuable. because the agents repnsible for their formation may 
be present at extremely low concentration in the fuel. but will necessarily be concentrated in the 
sediments. 

We have previously shown that pyrolysis-field ionization mass spectrometry (4.-FMS) is very 
useful in characterizing the deposits formed during storage of fuels.(4,5) We have found that there 
are a few patterns that repeat in the spectra for sediments from a variety of sources and that the 
filtered sediments and adherent insoluble gums are. very similar in chemical nature with the 
sediments being enriched in the benzologs of the components in the gum. Peaks due to alkyl 
indoles are. prominent in these spectra, and clusters of peaks corresponding to dimers and higher 
oligomers are also evident. In accord with the mechanism proposed by Hiley and Pedley (6). most 
of the prominent peaks in these spectra can be ascribed to the coupling products of phenalenone 
with one. two, three, or four alkylindole moieties. However, the peaks due to alkylphenalenes and 
phenalenones themselves are not very intense. In order to better understand the coupling 
mechanisms, we have prepared acid-catalyzed coupling products of indole and phenalenone, and 
examined it by field ionization mass specnometry. Our objective was to determine if indeed the 
coupling product of phenalenone and indole does not give a smng peak signal corresponding to 
phenalene or phenalenone. 

EXPERIMENTAL 

Coupling Reaction. Coupling product of indole and phenalenone (perinaphthenone) was 
prepared by adapting the procedure of Pedley and Hiley (6) for the synthesis of 
2-methylindolylphenalene. Approximately 0.66 mmol indole was stirred overnight with an 
equivalent amount of phenalenone in the presence ofp-toluenenesulfonic acid (also 0.66 mmol) in 
methanol. The product was treated with excess potassium bicarbonate and extracted with ether. 
The mixture of coupling products was recovered by evaporating the ether. 

PyrolysislField Ionization Mass Spectrometry (Py/FIMS). The technique of field 
ionization (FI) consists of passing vapors of the material to be analyzed through a region of intense 
electric field.(7) This mild technique for ionization results in the formation of only the molecular 
ions for most compounds, and because the ionization is generally not accompanied with any 
fragmentation it is particularly useful for analyzing complex mixtures. The FIMS system,us$ in 
this study has been described elsewhere.(8) It consists of an activated tantalum foil field-ionizer 
interfaced with a 60' magnetic sector mass analyzer and a PDP 11/23 computer for data acquisition 
and processing. Approximately 50 pg of the sample is introduced via a heatable direct insemon 
probe. Mass specaal data of the evolving volatiles are collected by repeatedly scanning the magnet 
over a preset range while the sample is gradually heated from the initial temperature (somehes as 
low -78'C) to approximately 500°C. At the end of the mn, the sample holder is remevd and 
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weighed to determine the fraction that was devolatilized during the analysis. All the samples 
camhed in this study w m  essentially 1 m  devolatilized during analysis. For a given sample. 
a Y  spectra m collected, each representing a certain range of tempaature. The individual Specm 
are added 
volatiles as well as of any given mass peak. 

RESULTS AND DISCUSSION 

The R-Ws specnum of the coupling product of indole (1 17 Da) and phenalenone (180 Da) is 
shown in Figure 1. This spectrum represents the sum of sixteen spectm (each comprising eight 
Scans) collected during the heat UP from ambient to 5OOOC. Because field iontmon IS g~fleI+y 
not accompanied by fragmentation, the multitude of peaks in this spectrum corresponds to either 
mulntude of compounds in the product, or extensive fragmentation due to pyrolysis in the EIMS 
probe. It is therefore instructive to examine the mass spectral data as a function of the probe 
temperature. 

The spectrum of species that evolved ahnost immediately upon induct ion of the pmbe into the 
inlet is shown in Figure 2a. This first set of peaks are at 117 Da (indole) and at 165, 166 
(phenalenyl radical, and phenalene), and at 180 and 182 (phenalenone and dihydrophenalenone). 
The dihydrophenalenone peak is substiantially more intense than that due to the parent 
phenalenone. A possible explanation is that the phenalenone underwent coupling, but the dihydro 
arialog, which cannot undergo Michael addition, survived. Surprisingly, there were also peaks at 
195 and 196 D a  The peak at 196 is most likely the methyl enol ether of the dihydrophenalenone, 
which was probably formed because the coupling was conducted in methanol as solvent. The peak 
at 195 Dais corresponding stable radical. The stability of the phenalenyl system IS well 
recognized, and it is noteworthy that the radical species were seen with both phenalene and the enol 
ether: the latter being also capable of forming a phenalenyl radical with the loss of a hydrogen. 

obtain a spectrum of the total volatiles and produce a thermal evolution profile of total 

Phenalencme (180) Dihydrophendenone (182) Dihydmphenalenone 
end methyl e b r  (186) 

Phenalene (166) 

The fact that phenalene and dihydrophenalenone evolved at almost ambient temperatures suggests 
that they were present in the product mixture and were not a result of some t h d  cracking of 
coupling products. This result further reinforces the facility with which phenalenone systems can 
undergo redox reactions (disproportionations), and lead to a multitude of products. 

Upon warming the sample, the intensity of the peaks due to indole and phenalene and its analogs 
decreases, and a new set of peaks centered around 300 Da begins to evolve. They correspond to 
the coupling products of one phenalene and one indole residues. A representative spectrum is 
shown in Figure 2b. The simple coupling product of phenalenone and indole has a molecular 
weight of 295 (180 + 117 -2 = 295). Indeed, the peak at 295 is the most intense peak in the 
spectm acquired between 120 and 24OoC, as well as in the sum specaum (Figure 1). This peak is 
also accompanied by phenalene and the dihydrophenalenone analogs at 281 and 297 Da 
respectively. There is also a peak at 31 1, which is most likely due to the methyl ether of the 
corresponding enol. As before, strong peaks due to the phenalenyl radicals are present for the 
phenalene and the enol ether analogs of the coupling product The coupling product is also 
accompanied by a dihydro derivative of the phenalene analog at 283 Da. 

Indcienylphenalenom 
(295) 

A similar pattern peaks around 410 Da for the bisindolenylphenalenones emerges as the sample is 
further heated to above 200OC (figure 2c). For the trisindolenylphenalenones, which also evolve in 
the 200 to 300OC range, however the expected peak at 325 Da (180 + 3 x 117 - 6) is not present to 
any significant extent. The peaks due to other analogs are present in reasonable intensity. 

In the case of fuel sediments. similar peaks have been observed in their R mass specm(5) 
However, we were not sure. whether the products were present as simple oligomers or whether the 
oligomers were a result of thermal fragmentation of a polymer. Results obtained here show that 
the vaporization of the dimers and trimers in the FIMS probe occurs around 200 to 250°C. This 
temperature range corresponds well with the temperature at which these. species evolved from the 
fuel sediments. Hence, we believe that, in the fuel sediments too, the dimers and trimers are 
present as such. 

As mentioned above, the peak due to indole evolved at almost ambient temperatures. This peak 
was present in the specua collected up to about 80°C, and was due to indole trapped in the product. 
The indole peak again appeared above about 180T along with the evolution of coupling products. 
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This result suggests that at these temperatures. some of the coupling products do fragment to 
liberate indole fragments. 

CONCLUSION 

We have prepared an acid-catalyzed coupling pruduct from the reaction of indole with phenalenone 
and analyzed it by FIMS. The mass spectrum shows the presence of the expected 
indolenylphenalenone, bisindolenylphenalenone, oisindolenylphenalenone, and so on. It also 
shows peak corresponding to redox derivatives and methyl ethers. The temperature resolved mass 
spectral data are consistent with simple evaporation of the oligomers and not due to thermal 
fragmentation. 
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INTRODUCTION In diesel fuels which are oxidatively unstable and at least 6 months old, 
it has been shown that a solid phase can be isolated from the filtered fuels by methanol 
extraction followed by precipitation with hexane. The weight of this material is directly 
proprotional to the amount of sludge which forms by both accelerated storage stability tests 
and by continued field aging of the fuels. We have suggested that the presence of this 
extraction induced precipitate (EIP) or fuel Soluble, Macromolecular, Oxidatively Reactive 
Species (SMORS) in these fuels thus accounts for the production of thermally induced 
precipitate (TIP) or insoluble sediment during oxidative ,aging of diesel fuels.'.z3 In this 
paper the acronym EIP will be used in place of SMORS in most cases. 

This paper describes and summarizes the characterization studies performed to date on the 
EIP from representative fuels which are all greater than 6 months past production. The 
origin and apparent role of SMORS in sediment formation in diesel fuels is discussed. 

EXPERIMENTAL All procedures for filtering fuels, and for extraction and precipitation 
steps used in isolating the EIP from fuels have been described in detail elsewhere.',' 

GC analysis was performed on samples dissolved in methanol using a Hewlett-Packard 
Model 5890 GC equipped with flame ionization detector and HP Model 3392 integrator. 
A 50-m methylated silicone (nonpolar) capillary column was used for separation. 
Experimental conditions included an inlet temperature of 280 "C, a split ratio of 22:l and 
a column temperature program between 100 "C and 280 "C. A 1-min initial hold at 100 "C 
was used; the temperature was then ramped at 5 "C/min to 280 "C and then held at that 
temperature for 10 minutes. 

The field ionization mass spectral (FIMS) system used for this work has been described 
else~here.",~ At the end of each run, the sample holder is retrieved and weighed to 
determine the fraction that was volatilized during the pyrolysis. 

LOW voltage electron impact, high resolution mass spectrometry was used to determine the 
exact masses of several of the key fragment ions, when the EIP was introduced by pyrolysis 
(identical to the FIMS sample introduction). 

Elemental analyses and molecular weight determinations by vapor pressure osmometry were 
provided by commercial laboratories. All elements including oxygen (but not sulfur) were 
determined by combustion and not by difference. 

All blended stocks used were prepared in the laboratory as 80RO straight runLC0 mixtures 
(VI.). Blends were always filtered before extraction. The straight run fuel used was a water- 
white, clear stock obtained from the same refinery that furnished LCO-3. All fuels and 
blends are described in earlier papers in this series'.z3 and a consistent fuel code has been 
continued. 

RESULTS AND DISCUSSION Elemental Analyses/Molecular Weights by Vapor Pressure 
Osmometry. Table 1 summarizes the elemental analysis data (CHON) obtained for solids 
(EIP) extracted from 3 light cycle oils (LCOs) and 5 blends. Data are as received and not 
normalized to 100%. The elemental analysis results for 20% LC0/80% SR EIP from blends 
is shown in the bottom half of Table 1. Here it is interesting to compare the blends to the 
LCO's. In general the EIP from blends have somewhat higher oxygen and lower carbon 
content indicating that EIP from blends is more polar than from LCO's. If higher polarity 
equates to higher chemical reactivity, then this finding supports the long-known fact that 
blending reactive LCO's with non-reactive SR streams does not usually dilute the sludge 
forming tendencies in a direct ratio. With very reactive LCO's, dilution by as much as 70% 
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SR sometimes has no effect on reducing sludge formation amounts in the resulting blends? 
It is noteworthy that these blends are made up immediately before the EIP is isolated for 
elemental analysis and thus the chemical changes in elemental analysis are due !O the 
blending process itself and not any subsequent aging of LCO EIP in the resulting blend. 

Table 2 presents a summary of the blend data from Table 1 for EIP which is normalized to 
100% in order to determine an empirical formula. Data for typical average elemental 
analyses of TIP or sediment is given also.' The trend for blend EIP to contain more oxygen 
is continued in the TIP and this is reflected in the average empirical formula which contains 
an additional CH, + H,O compared with typical EIP. 

Included in Table 3 are molecular weight data obtained by vapor pressure osmometry. Note 
that these data are quite consistent with the molecular weight data obtained by size- 
exclusion chromatography (570 vs 600-900) considering errors inherent in, in particular 
single point W O  determinations and in size-exclusion data for molecular weights 1000 
Da. for molecular shapes which are likely to be quite different from those of the standards 
used. 

Gas Chromatography. When EIP samples are isolated from the methanol extract and then 
re-dissolved in methanol they may be subjected to analysis by GC. The dissolved EIP gave 
surprisingly simple chromatograms with no major peaks that would correspond with any of 
the moieties commonly thought to be precursors to instability. This led to the conclusion 
that the methanol fraction contained the presence of higher molecular weight species which 
were not eluted under the standard experimental GC conditions employed. This also 
demonstrates very clearly that the EIP does not contain any entrapped fuel species. This 
is an important fact in the subsequent interpretation of the PYRFIMS data. 

PyrolysislField Ionization Mass Spectrometry (PYR/FIMS). Two representative EIP 
samples were chosen for PYR/FIMS analysis. These were LCO-3 and LCO-5. The EIP 
were isolated as a solid powder and then completely dissolved in toluene in order to 
introduce a homogeneous sample into the glass capillary for pyrolysis field ionization MS. 
Most of the toluene was removed by evaporation and then the remaining solid sample of 
EIP was heated at a controlled rate up to 500" C in the high vacuum source region of the 
MS. Subsequent weighing of the capillary tube revealed that essentially 100% by weight of 
the EIP had been pyrolyzed and volatilized by this procedure. Identical analyses of 
TIP/sludge generally show that less than 60% of the sample is consumed after pyrolysis 
leaving considerable char in the sample tube. 

Representative data for LCO-3 are shown in Table 4. Residual toluene solvent is not shown 
in the figure but volatilized between approximately 30 and 125" C. Since no other ions up 
to 300 daltons were seen in this region it can be concluded that the original EIP samples 
were essentially free of entrapped fuel. In addition, as  noted above, GC analysis of EIP 
which are re-dissolved in methanol reveal no entrapped fuel components. 

The total ion mass chromatograms for the pyrolysis FIMS are quite complex. This 
underscores the tremendous amount of pyrolysis that the EIP samples are undergoing. At 
the same time it is noteworthy that the entire sample is volatilized/pyrolyzed in a fairly 
narrow range from 175 to 375" C. The calculated number average molecular weight of the 
LCO-5 EIP by this process is 582 daltons and the calculated weight average molecular 
weight is 687. This is in fairly good agreement for the VPO determined molecular weight 
of this sample (see Table 3). 

Due to the complexity of presenting the data in the form of mass pyrograms for subsequent 
interpretation, an alternative approach has been taken. About half of the total ion current 
of the mass pyrogram is contained in a number of series of homologous ions separated by 
14 dalton increments. These homologous ion series have been arbitrarily assigned a mass 
identification number, usually one of the lowest mass ions in a particular series. In the case 
of data for Table 4 only the most intense ion in a particular series was used to generate the 
temperature profile. In the case of data for Table 5 the sum of all the ions in a particularly 
identified ion series was determined. The mass intensityvalues in all cases have been taken 
from normalized spectra. In addition, the base peaks for all three spectra (in ion counts) 
were very close in intensity. For this reason the ion counts were not converted to percent 
relative abundance as is normally done but instead are converted to a normalized ion count. 
At this point it is possible to attempt a more detailed analysis of the nature of the EIP 
sample as revealed by the mass pyrogram in Table 4. The 9 ion series identified account 
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for the 9 most intense sets of masses. Most of the m a s  peaks in Table 4 are pyrolysis 
fragments of the high molecular weight EIP. This is supported by the fact that the major 
series below 300 daltons continue to form over the entire temperature range between 90 
and 360" C. As the temperature of the pyrolysis increases the pyrolyzate fragments of 
higher molecular weight begin to appear (between 300 and 600 daltons) up to temperatures 
of 400" c. 
As conjectured in an earlier paper in this series', one of the two possible alternative origins 
of EIP is that a fuel soluble macromolecular species (possibly porphyrinic in nature) is 
carried over into the fluid catalytic cracker by the feed stock and ends up in the product 
blending stream. This macromolecular species could then further oxidize (making it more 
polar and soluble in methanol, at which point it is EIP). Finally further oxidation and 
condensation reactions with reactive fuel monomers precipitates the final product insoluble 
sediment or sludge. 

Since the above conjecture rests upon a geochemicsVprocessing origin one would then 
expect that the EIP from various sources would be somewhat similar at least in gross 
structural features. The PYR/FIMS data for the two LCOs given in Table 5 strongly 
indicates that this alternative origin for EIP is probably not correct. Although there are 
some strong similarities in the three EIP samples such as the mass series at 131 and 309, 
there exist major dissimilarities. In addition to this, a common geochemical origin for EIP 
would be porphyrinic in nature and the PYR/FIMS fragments of such an EIP moiety would 
result in significant amounts of pyrrolic species evolved below 300 daltons and these do not 
occur. 

The traditional explanation for the origin of TIP/sludge or sediment postulates reactive 
monomeric fuel components which oxidize and condense to form larger and more polar and 
less fuel soluble species. The fact that the EIP species must themselves further oxidize and 
condense to form TIP/sludge means that we now have a probe of some intermediate stage 
in sludge formation from reactive fuel monomers which is itself a simpler species 
compositionally and is much more amenable to analysis. In fact, the EIP themselves are 
simply produced by reactive fuel monomeric species. This last statement suggests that the 
detailed chemical nature of the EIP and the sediment itself must be quite fuel dependent 
and the data in Table 5 support this very clearly. 

This information together with the fact that the PYRFIMS data clearly support the 
elemental analysis data of the EIP which implicates nitrogen and oxygen containing 
compounds underscores the need to continue to determine the precursors of EIP in the 
original fuel. The fact that EIP are formed from reactive fuel monomers implies that 
freshly refined LCO's will not initially have EIP present and this is the subject of our 
current investigations. If an LCO or LCO blend has formed as little as 20 mg/L of EIP, 
then the LCO itself is probably of little use in studies designed to determine the 
compositional precursors of either EIP or TIP/sludge. It is for this reason that many very 
carefully performed studies to date have not been able to pinpoint the real precursors of 
sludge formation. Certainly if an LCO contains high total nitrogen or indoles content it also 
contains the real precursors to sludge. These indicators, however, are not able to be directly 
or quantitatively linked to any given fuel's sludge forming tendency. 

CONCLUSIONS All of the EIP samples analyzed for this work were from fuels which had 
already developed EIP, i.e., they were at least 6 months old since production. Molecular 
weights from VPO and PYRFIMS were all consistent in the range of 650 to 1000 daltons. 
The EIP have proven to be considerably easier to analyze than the actual sludge which they 
apparently produce ultimately. 

Since it has been shown that the EIP do not arise as a geochemicaVprocessing artifact it can 
be concluded that they arise from the oxidation and condensation of reactive fuel 
monomers. Clues as to the nature of these fuel species are found in the elemental analysis 
and enlpirical formulas for EIP which indicates much involvement of oxygen and nitrogen. 
Further information from the high resolution m a s  spectral empirical formulas and from the 
PYR/FIMS indicates that nitrogen containing precursors in the fuel with a formula of 
C,H2,.$rl and C,H2,.,, are involved in the generation of EIP. The 2n-9 class includes such 
isoelectronic possibilities as indoles, divinyl pyridines and dihydroquinolines. The 2n-15 
class includessuch isoelectronicpossibilities as benzoindoles, phenalidines, divinyl quinolines 
and carbazoles. 
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The EIP are more amenable to PYR/FIMS analysis as evidenced by their complete pyrolysis 
than the more highly oxidized and polar TIP/sludge. Even so, the PYRFIMS technique 
subjects the EIP to a tremendous amount of pyrolysis. Because of this the interpretation 
of Pyrolyzate ions to reconstruct the formation of EIP is not possible. 

Only freshly refined, unhydrotreated, catalytically cracked LCO material will be suitable for 
future studies involving the determination of the fuel precursors of EIP and whether the 
formation of EIP can be inhibited by antioxidant additives. Essentially no work on the 
determination of fuel precursors to sludge to date has appreciated the importance of this 
fact. Certainly no work presented to date has verified the initial absence of EIP before 
heginninga detailed compositional analysis and this is essential. By the time a measurable 
amount of EIP has formed, it is quite possible that all of the actual precursors to sludge are 
already well on their way to the dimer/trimer stage and hence no longer amenable to simple 
GC analysis techniques to monitor their depletion from the fuel. 
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Table 1. Elemental Analysis of Selected EIP. Direct determination of CHON. 

Fuel Code is: LCO = catalytically cracked light cycle oil 
B = blend of 20% LCO + 80% SR v/v 

Property 

% Carbon 

% Hydrogen 

% Oxygen 

% Nitrogen 

Empirical Formula 

EIP SedimenflIP 

79.4 75.4 

6.4 6.9 

9.7 13.7 

4.5 4.0 

C,,H,O,N CzlH240,N 
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Fuel Code 

LCO-3 

LCO-5 

916 

Single Point Triple Point 

513 525 

486 619 
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INTRODUCTION 
The growing need for diesel fuels and developments in refining processes, particularly the 
increased use of Fluid Catalytic CracMng (FCC), have led refiners to introduce Light Cycle 
Oil (LCO) in diesel formulations. Unfortunately, the cracking products, which contain 
chemically unstable species (1,2), induce changes in color and insolubles formation, even 
when diluted by blending. The insolubles are known to cause operability problems in diesel 
engines (3). 

Degradation mechanisms are complicated and not well understood. It seems that oxidation 
plays a determining role (4). Acids such as carboxylic, sulfonic and phenolic, produced by 
oxidation. of fuels have been considered to exert a catalytic effect on the quantity of 
sediment formed (5). It was demonstrated that aromatic cornpounds and non-basic nitrogen 
compounds are also involved in sediment formation (6). Pedley et al. (7,8) found that a 
major source of strongly colored sediments could be the reaction of oxidized products with 
alkyl indoles, yielding addition products that precipitate under the influence of sulfonic 
acids, produced by oxidation of thiols. 

The nitrogen compounds present in LCO were largely identified (9) and included anilines, 
alkyl indoles and alkyl carbazoles. It seems that only the alkyl indoles are subject to 
changes during degradation in storage (10). 

A large number of tests have been used to predict stability of middle distillates. The ASTM 
D 4625 has widespread acceptance for its good correlation with storage at ambient 
conditions (11). The new accelerated test method, ASTM D 5304, shows excellent 
correlation with lower temperature tests (12). 

The principal processes used to improve fuel stability include hydrotreatment and the use 
of additives. Schrepfer et al. (13) reported that although hydrotreating is the most effective 
method of minimizing stability problems, it is also the most costly. 

Some characteristics of Marlim crude oil such as high nitrogen content and low middle 
distillate yield, have led us to anticipate problems on diesel stability with the begining of 
Marlim oil processing. 

The purposes of this study were to estimate the impact on storage stability behaviour of 
diesel fuels and to evaluate : 1- the effect of the mildest PetrobrAs hydrotreatment unit on 
fuel stability, in particular with respect to non-basic nitrogen compounds; 2- the influence 
of hydrotreating and the use of additive; 3- the changes in phenalenone, pyrrolic nitrogen, 
basic nitrogen, mercaptans, alkyl indoles, acidity during ageing at 43 OC for periods of up 
to 12 weeks. 

EXPERIMENTAL 
Nine experimental diesel fuel samples were made up from several streams obtained in the 
Marlim crude processing. Their composition is shown in Table 1. The physico-chemical 
characteristics of selected samples are shown in Table 2. ,A total of 20 liters of each 
component was stored at low temperature under nitrogen blanket to prevent degradation 
before analyses. 

/r 

i 
Effect of hydrotreating on fuel stability 
Hydrotreating was performed on two feedstocks, a straight run distillate (A2) and a blend 
(A2/B), in the following operating conditions: LHSV 1,5 h" ; Temperature: 320 "C; H, 
Partial pressure: 29 bar. The method ASTM D 5304 (Assessing Distillate Fuel Storage 
Stability by Oxygen Overpressure) was used to evaluate the effect of hydrotreating on 
improving fuels stability.The reported total insolubles values are averages of duplicate 
analyses. Additionally, color determinations were made before and afler ageing according 
to ASTM D 1500. 

The "pyrrolic" nitrogen compounds were separated from the samples by HPLC using basic 
and acidic alumina columns, based on procedures described by Boduszynski (14). The 
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isolated compounds were identified by GCIMS. The quantification was conducted by GC- 
FID using carbazole as internal standard. 

Kinetics of ageing at 43 "C in air 
In order to better understand the mechanisms of sediment formation in fuels produced from 
Madim oil, kinetic analyses were performed in the raw LCO (B) and in the three following 
blends:AlIA2/B; AI/A2/AD-B; Al/HT-(A2/B). An antioxidant containing terciary amines and 
metal deactivator in its formulation was added to the hot LCO. Storage stability of each fuel 
sample was assessed by ASTM D 4625 (Distillate Fuel Storage Stability at 43 "C for 12 
weeks). The reported total insolubles values are averages of triplicate analyses. 
Additionally, color determinations were made before and after ageing according to ASTM 
D 1500. 

To follow the kinetics of the blends a total of 1000 ml of each fuel was placed in amber 
glass bottles of the same volume and the bottles closed with vented screw caps. Six bottles 
of each fuel were aged concurrently in a dark room at 43 f 1 "C, in contact with 
atmospheric air, for periods of up to twelve weeks. After every two weeks, one bottle of 
each fuel was removed and allowed to cool to ambient temperature. All samples were 
protected from light before, during and after ageing. The filterable insolubles were 
determined by vaccum filtration of 300 ml of each aged fuel, through two preweighted 
cellulose acetate filters (0,8 pm porosity). The filters were then rinsed with isooctane to 
remove traces of fuel, removed from the filter support assembly, oven dried (90 "C), cooled 
to ambient temperature in a desiccator and reweighted. The fuel samples were also 
analysed for color degradation, changes in phenalenone, pyrrolic nitrogen, basic nitrogen, 
mercaptans, alkyl indoles and total acid number. 

The concentration of phenalenone was determined by normal phase HPLC with UV 
detection and direct injection of the sample, based on procedure described by Marshman 
(15). Concentrations of phenalenone up. to 0,5 mg/l could be determined by this 
methodology. 

The changes in alkyl indoles were monitored using a 'capillary gas chromatograph (CG) 
with selective detection by isobutane chemical ionization mass spectrometry (16). The 
method is based on the fad that the carbazole remains relatively unaffected during ageing, 
as verified by some authors (IO). The evolution of alkyl indoles was then determined 
through changes in the ratios of alkyl indoleslcarbazole peak areas. 

RESULTS AND DISCUSSION 
Effect of hydrotreating on fuel stability 
The effect of hydrotreating on fuel stability assessed by ASTM D 5304 is presented in 
Table 3. The degrees of hydrodesulfurization (HDS) and hydrodenitrification (HDN) are 
also indicated. The hydrotreating process improved color stability of both samples, 
however complete stabilization was not achieved. On the other hand, the A21B blend was 
stabilized in terms of insolubles formation. 

As can be seen in Table 4, the alkyl indoles were partially removed while the alkyl 
carbazoles remained in the original levels. Additionally, a decrease in other species such 
as acids and mercaptans, that are supposed to contribute to degradation, was observed. 
Based on these results, it is confirmed that alkyl indoles and acidity play an important role 
on sediment formation and that stabilization of the fuel can be achieved by hydrotreating 
even at mild severity, without requiring total removal of nitrogen compounds. Under low 
H, partial pressure, the fuel chemical composition is not deeply modified, mainly with 
regard to nitrogen and aromatic content. 

Kinetics of ageing at 43 "C in air 
The results related to color changes and total insolubles formation using ASTM 
D 1500 and ASTM D 4625 are presented in Figures 1 and 2, respectively. The raw LCO 
(B) is unstable mainly with respect to color degradation. A low formation of insolubles were 
observed, with the majority of insolubles in the adherent form. This behaviour drastically 
changed when the raw LCO was added to straight run distillates (A1 ,A2), as can be seen 
through the AIIA2/B blend results. In this sample, there was extensive formation of 
insolubles (mostly filterable insolubles) and color degradation. The contribution of the 
straight run distillates components in terms of acidity seems to exert a great influence on 
the sediment formation. From the results of the blend with additive it can be concluded that 
the antioxidant was ineffective on improving fuel stability. On the other hand, the blend 
containing hydrotreated components exhibited satisfactory results with total insolubles 
content of 0,2 mgIl00 ml. The color degradation was minimized but was not completely 
eliminated. 
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The results obtained from the kinetics of ageing are summarized in Table 5. As can be 
seen, the phenalenone concentrations increased rapidly during the first two weeks of 
ageing, levelling off thereafter in the following samples: B, A I I W B  and Al/WAD-B. It is 
difficult to conclude if this stabilization was a result of the balance between consumption 
and production of phenalenone during the overall mechanism of sediment formation or was 
due to occurrence of degradation before the ageing at 43 OC. There appears to be a 
correlation between color degradation and phenalenone concentration since color 
degradation also reached the maximum value during the first two weeks. All the samples 
exhibited decrease in the pyrrolic nitrogen concentration and in the ratio alkyl 
indoles/carbazole. The decrease agrees with the relationship between the reactivity of the 
alkyl indoles and the filterable insolubles formation. According to this observation it can be 
concluded that: 1- the degradation mechanism proposed by Pedley et al. seems to be the 
major source of sediment formation in samples containing LCO, 2- the additive tested was 
ineffective to prevent phenalene oxidation and the progressive consumption of alkyl 
indoles. Hydrotreating appears to remove phenalenes since phenalenones were not 
detected in Al/HT-(M/B) blend. The decreases in the pyrrolic nitrogen and in the ratio 
alkyl indoles/carbazole were also verified in a lower extent comparing to the others 
samples, The mercaptans and the total acid number remained pratically inalterated during 
the ageing. These observations suggest that exists a correlation between the insoluble 
formation and the alkyl indoles disappearance and that other different mechanism of 
degradation from the proposed by Pedley takes place. It confirms, as previously 
demonstrated by some authors (17), that the removal of phenalenes, indoles or acids, will 
result in a stable fuel. 

CONCLUSIONS 
On the whole, the experimental fuels obtained from Marlim oil presented poor stability, The 
addition of light cycle oil in the straight run distillate, to increase the yield of diesel fuel, 
was not satisfactory inducing higher levels of insolubles and color degradation. 

The resuits of ASTM D 4625 and kinetics study showed that the additive was ineffective 
on preventing phenalene oxidation and the progressive disappearance of alkyl indoles. 
Similar levels of insolubles formation and color degradation was verified in the fuel in 
presence and absence of the additive. In both samples it seems that the major mechanism 
of degradation was similar to the proposed by Pedley et al.. 

The hydrotreating, even at mild operating conditions, improved substantially the stability 
properties of the fuel. Under the tested conditions the hydrodenitrification was not 
complete, just only partial alkyl indoles elimination has occured. Hydrotreating also 
appears to remove species that are considered to contribute to the degradation of the fuel, 
such as, acids, mercaptans and phenalenes. This study suggests that in this case, other 
mechanisms of degradation are taking place and confirms earlier findings that the major 
mechanism of fuel degradation depends above all on the composition of the fuel. 
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Table 3 -Stability of hydrotreated fuels 
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Table 4 -Changes in pyrrolic nitrogen compounds with hydrotreating 
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Table 5 -Ageing kinetics at 43 "C 
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Figure 1 - Results of color changes before and after ASTM D 4625 
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STUDIES ON THE STABILITY AND SEDIMENT PRECURSORS IN VISBREAKER 
MIDDLE DISTILLATE. 

Yogendra K.Sharma, Hem C.Chandola, Krishna M.Agrawal and lndra D. Singh 

INDIAN INSTITUTE OF PETROLEUM, DEHRADUN 248005 ,INDIA 

Keywords : Middle distillate, Stability, FTlR 

ABSTRACT 

Diesel fuels, particularly those incorporating secondary processed stocks, can 
degrade during long term storage. The degradation products can cause plugging of fuel 
filters and blockage of engine components. In the present paper, stability of a middle 
distillate cut of visbroken product from a refinery unit, before and after extraction with 
methanol under ambient storage conditions, has been determined. Methanol extraction 
has been found to reduce the tendency of the fuel to form insolubles significantly and it 
also separates out sediment precursors. The sediment precursors responsible for the 
instability of the fuel obtained under different conditions of extraction were characterized 
for their functional groups by FTIR. Effect of blending the sediment precursors into a 
typical feed stock on the stability under accelerated aging has also been studied 

INTRODUCTION 

Visbreaking is not only used for reducing the viscosity and pour point of heavy fuel 
oils and residues but also produces relatively cleaner feed stocks for catalytic cracking 
units Middle distillates from visbreakers are blended with diesel pool which enhances 
the stability problem Recently Wechter & Hardy 1 and Sharma & Agrawal 2-3 have 
reported that methanol extraction removes the major portion of sediment precursors in 
case of light cycle oil (LCO) and total cycle oil (TCO) The present paper reports the 
stability behaviour of a visbreaker middle distillate from a refinery stream and the effect 
of methanol extraction, particularly fuel to methanol ratio on the removal of sediment 
precursors These sediment precursors have also been characterized using FTlR 
technique and the effect of different doses of total sediment precursors on sediment 
formation determined 

EXPERIMENTAL 

The storage stability of the visbreaker middle distillate fuel was determined in 
terms of total insolubles after keeping it for 3,6,and 9 months under ambient 
conditions.Sediment (insoluble) precursors were separated from the fuel using methanol 
in sample to solvent ratio 5.1, 53 ,  5 5  and 510  by vol,till a neutral ( stable ) fuel is 
obtained .The fuel solvent mixture was shaken manually for 10 minutes and was kept 
over night for separating the fuel and solvent layer.Methanol was recovered from the 
upper layer by distillation to get the insolubles I sediment precursors (SPI, SP2, SP3 
and SP4 ) as residue. Figure-I presents the scheme employed for the above extraction. 

These residues were characterized by FTlR as thin films obtained from 
evaporating their solutions in dichloromethane on KBr plates. Different fuels obtained 
after removing the sediment precursors during consequent extraction were stored under 
ambient conditions for 7 months and total insolubles were determined. Total sediment 
precursors SP (SPl+SP2+SP3+SP4 ) were doped in stable fuel(F4) in different 
concentrations and their stability was determined by modified UOP-413 accelerated test 
method (100 psi pressure of oxygen, 4 hours, 100 OC ).  Physico-chemical properties of 
visbreaker middle distillate and total sediment precursors were determined using 
standard IP/ASTM. methods. 

RESULTS AND DISCUSSION 

The physico-chemical properties of fuel and total sediment precursors are 
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reported in Table- 1 while total insolubles yield under ambient storage conditions are 
pfesented in Figure-2. Physico-chemical data of visbroken middle distillate (Table 1) 
reveals that the fuel is quite unstable due to presence of higher bromine number, sulphur 
and nitrogen content ( more than 50% of nitrogen basic in nature ).This trend is 
supported from the insoluble yield obtained from this fuel under ambient storage for 
different time intervals, which shows an increasing trend ( Figure-2 ) upto 9months 
(maximum storage time in the present study ). 

The elemental composition of total sediment precursors indicate that nitrogen and 
sulphur containing aromatic structures are predominantly responsible for sediment 
formation.This is supported by H/C atomic ratio (1.36 as compared to 1.63 in fuel ). 

Figure-I shows that the sediment precursors yield is increasing with decreasing 
fuel to solvent ratio (FIS). It has been observed that with FIS 5:lO ratio ( at fourth stage ) 
most of the precursors are extracted out and the fuel becomes practically stable during 
ambient storage of seven months. This has been confirmed by keeping the fuels 
(F,FI,F2,F3, and F4 ) for seven months under ambient storage conditions and 
determining the yield of insolubles .Total insolubles obtained from different fuel 
(FI,FZ,FB,and F4 ) under ambient storage of seven months are shown in Figure-3. It 
has been observed ( Figure-3 ) that total insolubles decreases slowly in F I ,  F2, and F3, 
while in F4 the decrease is quite significant and fuel becomes practically stable. 

This fuel ( F4 ) has further been doped with different concentrations ( 1, 3 and 5 
% Wvol ) of total sediment precursors (SP ) and stability determined by modified UOP- 
413 accelerated test method. The results obtained are presented in Figure.4, which 
reveal that the sediment yield increases with increase of sediment precursors added. 
Further, it is also observed from the Figure-4 that the added precursors are more 
effective in sediment formation compared to those present in the original fuel. 

The FTlR spectra of different precursors ( SPI, SP2, SP3 and SP4 ) are mainly of 
same nature. The bands at 749, 81 1 and 875 cm-l( with decreasing relative intensity ) 
are observed in all the precursors, showing the same type of substitution pattern on 
aromatic ring . The broad OH/NH streching bands around 3300 cm-I and broad carbonyl 
band at around 1700 cm-l are found to decrease in intensity from SP1 to SP4. The 
absence of band at 720 cm-l ( due to n-paraffinic (CH*)n, na 4 ) and relatively stronger 
band at 1456 cm-r due to -CH2 bending indicates the presence of significant 
concentrations of naphthenic structures in all the precursors. 

The study thus indicated that repeated methanol extractions are required for 
getting the stable fuel from visbreaker middle distillate product. 
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TABLE- 1 

Visbreaker Middle Distillates 

Characteristics of visbreaker middle distillate and total sediment precursors 

Total Sediment precursors (SP) 

Density, D i 5  
Bromine number 
Nitrogen Total, ppm 
Sulfur Total,% wt 
Nitrogen Basic, ppm 
Carbon residue, %wt 
C,% wt 
H.% wt 
Atomic HIC ratio 
Molecular weight 
Boiling range, OC 

0.8617 
20.7 
237.3 
1.65 
138 
0.04 
83.95 
11.40 
1.63 
255 
176-393 

c ,  % w t  
H, % Wt 
s, % w t  
N, % Wt 
0, % wt 
Nitrogen Basic, pprn 
Molecular Weight 
Atomic HIC'ratio 

85.40 
9.65 
3.46 
0.36 
1.23 
932 
274 
1.36 
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Visbreoker  Feed ( F )  

I st stoge mcthonol extroct ion 
( F / S  511) 

Ambient storoge Extrocted feed ( F I )  Methonol residue (SPI)  
yield 0.7 O/O wt/vol 

2 nd stoge methonol extroction 
( F / S  5 1 3 )  

------I 
Ambient storoge Extrocted feed ( F 2 )  Methonol residue (SP 2)  

yield I 6  O/O wt/vo l  

3 r d  stoge methonol extroction 
( F / S  5 : 5 )  

Ambient storoge Extrocted feed ( F 3 )  Methonol residue (SP 3 )  
yield 0.7 o/o wt /vol. 

4 th  stoge methonol extroction 

( F / S  5 :  IO) 

Ambient stordge Extrocted feed ( F 4 )  Methonol residue ( S P 4 )  
7 months yield 2 2 O/O u t / vo l .  I 

Ambient storoge 
7 months 

Fig. I - Scheme used fo r  the e x t r a c t i o n  o f  inso lub les /  
sediment p r e c u r s o r s .  
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ABSTRACT 

The problem of stability of diesel fuels has become more pronounced in recent years 
with the increasing use of cracked stocks in the diesel pool. These cracked products 
induce gum and sediment formation in fuels. In the present paper, the instability of total 
cycle oil (TCO) derived from FCC operation of Bombay High VGO, under accelerated 
and ambient storage conditions has been studied with and without additive doping. 
During ambient storage yield of the insolubles in TCO has been found to decrease after 
a period of about 18 months which may be attributed to the reformation of fresh oxidised 
species from insolubles. However during accelerated tests trend of increasing insoluble 
formation with time is revealed. The qualitative composition of insolubles obtained from 
ambient storage of additive doped and undoped fuels has been studied by FTlR and the 
role of additives on the composition of insolubles is discussed. 

INTRODUCTION 

Diesel fuels, particularly obtained from catalytically cracked stocks, start degradation 
right from production and on storage degrade to the extent that start giving application 
problems. The degradation mechanism and additive response depend on fuel 
composition, temperature, oxygen availability, static and dynamic conditions, storage 
time and type and size of storage vessels. In the present investigation, the instability of 
to!sl cycle oil (TCO) derived from FCC stream of a refinery and doped with commercial 
additives has been studied under accelerated as well as ambient storage conditions. 
FTlR spectroscopy has been employed to explain the mechanism of additive functioning 
by comparing the spectra of sediments obtained under different conditions. 

EXPERIMENTAL 

The total cycle oil (TCO) was doped with 100 ppm of phenol (Al)  and amine (A2) 
types additives. Various accelerated test methods viz modified’ ASTM D-2274, ASTM 
D-4625 along with ambient storage tests for 4, 8, 12, 18 and 24 months were performed 
on TCO as such and doped with additives. FTlR spectra of various insolubles were 
recorded in absorbance mode on Perkin-Elmer 1760 FTlR spectrometer by making thin 
films of samples on KBr plates by evaporating their dichloro methane solution. 

RESULTS & DISCUSSION 

The physic0 chemical properties of TCO determined by standard ASTMllP test 
methods are reported in Table-1. The insoluble yields from TCO as such and doped 
with additives (TCO+Al, TCO+A2) under modified ASTM D-2274 test conditions are 
shown in Fig.1, while those obtained with ASTM D-4625 and ambient storage conditions 
are presented in Figs. 2 & 3 respectively. Typical FTlR spectra of sediments obtained 
after 18 months and 24 months storage of TCO as such and with additives (TCO + A1 
and TCO + A2) are presented in Fig.4. 

From Fig.1, it is evident that sediment yield, under accelerated test conditions 
(dynamic) in the presence of oxygen is reduced significantly after doping with additives 
due to better additive fuel interaction under these conditions. This reduction is more 
Pronounced in case of amine type additive as compared to phenol type But in case of 
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static conditions (ASTM D-4625) as the oxygen availability is limited and agitation is also 
not there, the overall sediment formation and reduction after doping with additives are 
relatively small (Fig.2). Incase of ambient storage (Fig.3) sediment formation IS low in 
the begining which increases significantly with time up to 18 months. Here also the 
reduction in sediment formation after doping with additive is significant. An appreciable 
reduction in sediments after ambient storage of 18 months in TCO as such as well as in 
doped with additives is observed (Fig.3). This observed pattern may be due to the 
formation of fresh oxidized species after 18 months storage. This has further been 
confirmed from the comparison of FTlR spectra of sediments from TCO, TCO+Al and 
TCO+A2 after 18 and 24 months storage (Fig.4). 

The appearance of two carbonyl band around 1740 and 1710 cm-l (having 
comparable intensity) in all the sediments obtained after 24 months reveals that on 
longer duration, hydrolysis of ester type structures in sediments takes place forming the 
carboxylic and phenolic structures which are soluble in fuels. Thus the sediment yield is 
reduced. This is supported by the enhancement of bands at 3270 and 1600 cm-1 due to 
stretching and bending vibrations of OH groups. 

FTlR spectroscopy has also been employed to explain the higher effectiveness of 
amine type additive compared to phenol type in inhibiting the sediment formation. The 
comparison of FTlR spectra of sediments from TCO, TCO+Al and TCO+A2 after 
ambient storage of 18 months (Figs.4 A,B,C) reveals that while there is no appreciable 
qualitative variation in the spectra of TCO and TCO+AI, the spectrum from TCO+A2 
(Fig.4C) is quite different in nature. 

The sediment from TCO as such shows an appreciable amount of ester type carbonyl 
1740 cm-I (Fig.4A), while this is reduced considerably in sediment from TCO+M 
(Fig.4C). Further, the structures like quinone diamine type which forms during 
controlling the peroxy radicals also appears in the sediments due to sludge formation 
during storage. This may probably occur in sediment through polymerisation as per 
following mechanism of action of amine type additive2. 

- 2  ROOn,  NH 

NH-CH-CHZ-CH3 + R O O '  
Peroxy & kH3 Radical 

NN' DI-  SEC. B u r n  
@ .PHENYLENE DIAMINE 

cn3 
I 

I 
N 

nc-cn2-cn3 

4-+ 

' ,  

N-CH-CHz-CH3 4- ROO' 
peroxy 
Radical 

y 3  
nc- cn2- C H ~  

.N 7H3 
I 

b ; - C H  -CH2-CH3 

OOR 

SLUDGE I INSOLUBLES 

( QUINONE DIAMINE T Y P E )  
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This is also supported from the FTlR spectra of sediment from TCO+A2 (748 cm-’ 
band due to 3-adjacent protons on aromatic rings) The strong and broad adsorptions at 
3260 and 1600 cm-1 in sediment of TCO+A2 (Fig.4C) as compared to those of TCO and 
TCO+AI (Figs.4 A 8 B) show the dominance of structures containing OH functionalities 
(phenolic type). Aromatic structures are confirmed by the appearance of 3052 cm-l 
band (aromatic C-H stretching) and enhanced absorption at 1600 cm-I. Thus, amine 
type additive is more effective in inhibiting the formation of sediment containing ester 
type structures during ambient storage of total cycle oil. 
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Table-I Characteristics of Total Cycle Oil 

Density D15 0.8821 
Kinematic viscosity, at 40 OC, cSt 2.46 
Pour point, OC 18 
Molecular weight 177 
Maleic anhydride value 5.56 
Diene value 1.44 
Sulphur, %wt 1.46 
Nitrogen, ppm 125 
Boiling range, OC 158-441 
(5-95% vol) 
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INTRODUCTION 

It has been previously reported") that extraction with methanol will improve storage stability 
characteristics for mid distillate diesel fuel which is at least 6 months old. Moreover, a 
potential relationship between the methanol soluble, hexane insoluble extractible material 
and the thermally induced precipitate (TIP) which forms in some fuels under accelerated 
aging conditions which simulate long term ambient storage, has been suggested.(z3) Fuel 
stability is currently assessed through the use of an accelerated aging procedure.(') 
However, the procedure or procedures used require substantial commitments of laboratory 
time and resources and they are necessarily limited to predicting only the relatively short 
term (1 - 2 years). A predictive stability test which could serve for field use for fuels at 
least 6 months old, or which would require a sufficiently short turnaround time to make it 
attractive for procurement use is highly desirable. This is particularly true when 
circumstances require that the fuels may be stored for very extended periods, such as 
military fuel reserves. 

Fuels which have been aged by six months of ambient storage in the laboratory or field 
show a very linear relationship between the solids produced by methanol extraction and 
subsequent precipitation with hexane (EIP - extraction induced precipitate), and solids, or 
insolubles, formed during the stress, or accelerated aging process (TIP).(3) Thus, for these 
fuels, the extractibles yields can be used as a predictive test for storage stability. When 
these aged and thermally stressed fuels are extracted with methanol after filtration for TIP, 
the yield of extractible solids is typically found to be no more than a few percent higher 
than the EIP isolated from the unstressed fuel. We propose that, for those cases where the 
post-stress extractibles (PEIP) yields are about equal to the prestress yields (EIP), there 
is an equilibrium concentration of distributed soluble macromolecular material (which we 
have previously called SMORS).(z'.s~6) Examples of fuels which have been aged to this 
equilibrium condition are found in Table 1 (Code A = aged). 

Fuels which are refinery fresh, or are not aged to equilibrium either because they have been 
stored under non-oxidative conditions (inert atmosphere, freezer conditions) or their 
ambient storage times are too short, will frequently show very different extractibles yields 
before and after accelerated aging. Until these fuels are aged to equilibrium there is no 
consistently useful relationship between EIP and TIP to obviate the need for a stress test. 
Some examples of pre (EIP) and post (PEIP) stress extractibles yields for some fresh fuels 
are also found in Table 1 (Code F = fresh). 

Because accelerated aging tests for new fuels do not generally permit storage stability 
prediction beyond a year or so under ambient conditions and because they are not always 
reliable, we are suggesting that a stress test in combination with a post stress determination 
of extractibles will serve to better identify fuels which are likely to develop undesirable 
storage characteristics over time. This test could serve as the basis for deciding which fuels 
could be safely stored for additional extended periods, and which should be used promptly. 
We also provide additional experimental evidence to link the extractible material (SMORS) 
with insoluble sediment formed as a result of ambient storage. 

EXPERIMENTAL 

The fuels used in this work were refinery fresh fuels which were tested for EIP and TIP 
(insolubles) as soon as they reached the Laboratory. They included two light cycle oil 
(LCO) stocks and two straight runs (SR). For experimental purposes, the fuels tested 
were the two LCOs and 80%/20% blends of the SRLCO pairs. Designations for the 
experimental fuels are found in Table 2. 
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All fuels involved were tested for pre and post stress extractibles (EIPPEIP) as soon as they 
were received and at later intervals, ranging between one and nine months, as well. They 
were tested for insolubles using the 16 hour ASTM D 5304 - 92 procedure at  those same 
times. All fuel aliquots were prefiltered through two thicknessesof 0.8, 47mm nylon filters 
(MSI, Westboro,MA) using a water aspirator. Aliquots were 100 mL each; separate 
aliquots were used for the EIP and for the TIPPEIP determinations. Stress conditions were 
16 hrs., 90°C, 690 kPa oxygen overpressure. Post-stress samples were first filtered for TIP, 
then subjected to extraction for the determination of PEIP. 

For the insolubles (TIP) determination: samples were filtered using glass fiber filters and 
the procedure described in detail elsewhere.(') For the extractibles determinations: 
prefiltered aliquots were extracted (separatory funnel; shake 90 sec.) with 40 mL reagent 
grade methanol. The methanol phase was rotary evaporated for 30 minutes at 58-63°C. 
After cooling, 50 mL of reagent grade hexane was added to induce precipitation. The 
resulting precipitate was filtered (nylon filters) and dried at 70°C for at least 20 minutes to 
remove any traces of hexane before weighing. 

An experimental series was performed to test possible effects of a tertiary alkyl amine 
stabilizer additive on insoluble sediment (TIP) formation and on post stress extractibles 
(PEIP) formation. The amine additive has been tested in this laboratory and elsewhere and 
is known to reduce insolubles formation in some fuels.(? Light cycle oil samples (Fuels B, 
D) were doped with the additive in varying concentrations (6 - 890 ppm w/v) and tested, 
along with control samples, using the same procedures previously described for the TIP and 
PEIP determinations. All samples were run in duplicate and the aliquot size was 100 mL. 

RESULTS AND DISCUSSION 

Aging (Stress) and Extractibles Testing 

Table 3 provides a summary of ambient storage times, pre- and post-stress extractibles levels 
(EIP and PEIP) and total insolubles/100 mL following the standard 16 hour LPR test 
(ASTM D 5304 - 92). Fuel A, tested at monthly intervals from 1-3 months passes the LPR 
test (current padfai l  criterion is 3 mg/100 mL). Pre- and post-stress extractibles levels 
indicate no tendency for the fuel to degrade over time with respect to insolubles formation 
and suggest this fuel could be safely stored for extended periods. Fuel B is a light cycle oil 
and thus might be considered a potential "worst case" fuel. During the'time interval 
between 0 and 3 months of ambient storage the fuel passes the LPR test. The pre-stress 
extractibles are low, but the post-stress extractibles are increasing to the point where their 
level suggests that this fuel is not a candidate for long term storage. By 8.5 months of 
ambient storage LPR insolubles (TIP) and extractibles levels have increased to the point 
where they support an argument for prompt use. In particular, the post-stress insolubles 
yield has increased to a level which suggests the fuel is likely to deteriorate badly in the 
near term. Also EIP and PEIP are beginning to approach equilbrium. 

Fuels C and D are an interesting pair; fuel D being a light cycle oil and C a blended fuel 
comprised of 20% D and 80% straight run stock. Fuel D fails the LPR test badly on initial 
testing. Moreover, the post-stress extractibles level (41 mg/100 mL) is high and supports 
the conclusion that this is an unstable fuel. As time passes and the fuel is subjected to 
ambient storage conditions, the condition of the fuel actnally improves as noted by TIP 
( A S W  D 5304) and PEIP (or post-stress extractibles) levels. Note that this LCO, even at  
6 months, is not aged to equilibrium and so pre-stress extractibles levels are not as effective 
predictors of future behavior as are the post-stress levels. By 12 months of ambient storage 
the fuel has improved to where it passes the LPR. The PEIP has declined as the pre-stress 
extractibles level has increased. If the existing extractibles (EIP) are subtracted from the 
PEIP one obtains a measure of the "aging tendency" during the stress test. For this LCO 
the trend is toward improvement. The relationship between TIP and PEIP formed during 

,accelerated aging is striking: at 0 months of ambient storage TIP is 8.3 mg/100 mL and 
PEW is 40.9 mg/100 mL; at  12 months the numbers have fallen to 1.6 and 13.8 mg 
respectively. 

Fuel D is an unusual LCO in that its storage stability with respect to insolubles formation 
improves as it ages under ambient conditions. However, if criteria we have proposed for 
aged LCOs using a 24 hour modification of the LPR stress test (TIP t 6 mg/100 mL; 
extractabks 2 32 mg/100 mL)(') are adapted to the 16 hr test, predictions for future storage 
behavior can be made. Based on post-stress extractibles yields (which must be used rather 
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than prestress yields until the fuel is aged to equilibrium) we would predict that, at 
f q u i h i u m ,  the pre- and post-stress yields would be roughly equivalent. This fuel is clearly 
l h t e d ”  with respect to the total insolubles it can form during its lifetime prior to use. It 

apparently forms insolubles rapidly, then levels out to become a rather benign fuel with 
respect to continued insolubles formation. While this fuel obviously improves with age, it 
1s not a suitable candidate for procurement on the basis of its poor initial extractibledaging 
tests. Moreover, even if it were to be held in storage to equilibrium, there would be So 
much particulate matter suspended in this fuel as to present filtration problems. Thus, this 
fuel is not a candidate for procurement. Fuel C, the blended stock, is a likely storage 
candidate on the basis of its extractibles and TIP yields. On the basis of its consistent PEIP 
and stress test behavior and on its fuel D LCO content, this fuel appears to be a suitable 
candidate for storage and makes a case for safe storage and use of cracked stock blends. 

Effect of Additives 

Tables 4 and 5 present results obtained for the two light cycle oils that were tested with the 
tertiary amine additive (additive #l). Fuel B was also tested using another additive, a 
hindered phenol (additive #2), for purposes of comparison. Table 4 summarizes additive 
testing for fuel B. Insolubles (TIP) formation tendency for this fuel is not reduced with 
either additive. Indeed, it might be argued that TIP increased somewhat on addition of the 
tertiary amine. PEIP yields for all samples were comparable. Thus, fuel B appears to be 
one of those fuels that is not affected by tertiary amine additive treatment. 

Fuel D, on the other hand, is responsive to additive #l. As was the case with fuel B, 
additive #2 had no effect on this fuel. Table 5 shows the reduction in insolubles (TIP) that 
occurs when fuel D is subjected to the 16 hour LPR test after treatment with varying levels 
of additive #1. A corresponding decrease in PEIP levels is also observed. The fact that 
additive #1 reduces PEIP levels as it reduces TIP provides additional evidence for a 
relationship to exist between extractibles levels and the tendency toward insoluble sediment 
formation in diesel fuels. 

Summary 

A relationship between extractibles levels before (EIP) and after (PEIP) accelerated aging 
and insolubles formation tendency has been found to exist in fuels that have not been aged 
to EIPPEIP equilibrium. Additional evidence for the relationship between these entities 
has been provided by the comparable effect of a common stability additive on post stress 
extractibles and insoluble sediment. Thus, we propose that a combination of the LPR 
(ASTM D 5304) stress test and methanol extraction of the filtered, stressed fuel with 
subsequent precipitation of the hexane insoluble fraction, may serve as a basis for a 
predictive test for storage stability. This test would enable better decisions to be made as 
regards the candidacy of fuels for long term storage as  opposed to their candidacy for 
prompt usage. Moreover, for cases where storage is required, this test combination might 
serve as a reasonable basis for procurement. 

’ 
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Table 1. Weight of Solids Isolated from the Pre- and Post-Stress Hexane-Insoluble 
Fraction of the Methanol Extracts of Five Aged and Three Fresh Light Cycle 
Oil Diesel Fuelsa 

w e  Legend 

Blend 80% 91-34(SR)+20% 91-35(LCO) 

LCO 100% 91-35(LCO) 

Blend 80% 92-1(SR) + 20% 92-2(LCO) 

LCO 100% 92-2(LCO) 

Table 
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Table 3. Summary of Test Fuel Results 
1 

fuel Months of TIP EIP 
Storage (mg/100mL) (mg/100mL) 

time 
(ambient) 1 

A 0.7 0.6 

B 0 1.9 0.29 

B 1 1.3 0.17 

B 2 1.6 0.3 

B 3 1.9 2.3 

B 8.5 2.3 5.0 

B 14 1.4 13 

C 0 1.8 0.09 

C 0.5 2.2 0.15 

D 4.4 7.3 

D 12 1.6 16.2 

Sample tested TIP EIP PEIP 

Fuel 4.4 7.3 34.6 

PEIP 
(mg/100mL) 

Fuel + 6ppm 

Fuel + 24ppm 

Fuel + 890ppm 

0.16 

~ ~ 

1.3 17.5 

1.1 16 

1.7 22.6 

0.26 

2.5 

2.5 

6.8 

1.8 

12.5 

28.1 

45.8 

34.6 

6.6 

5.4 

5.6 

41.1 

40.6 

28.0 

34.9 

30 

Table 4. Additive studies for fuel B at 8.5 months ambient.storage 

Sample tested mg EIP mg PEIP 

Fuel + 24ppm #1 

Fuel + 24ppm #2 42.6 

Fuel + 24ppm # 1,2 3.2 47.2 
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INTRODUCTION 

It is generally accepted that the insoluble substances that 
form in middle distillate fuels in storage are the result of an 
oxidative coupling of reactive molecules which may be of the same 
or of different species. It is also generally accepted that the 
reactive species are to be found among those containing a hete- 
roatom such as nitrogen, sulfur, or oxygen and among unsaturated 
hydrocarbons. However, the number of reactive compounds is large 
and the chemical mechanism by which they are converted into 
insoluble products has not been established despite years of 
study. 

In 1958, Sauer and coworkers(') postulated the formation of 
hydroperoxides which then split out water to form aldehydes. The 
aldehydes then reacted with other peroxides to form peroxyhem- 
iacetals which, in turn, decomposed to form monomeric oxidation 
products and condensed, esterified products of higher molecu 
weight. An her hypothesis noted by Taylor and Frankenfeld 
and by Por 13f is based on a free radical chain mechanism. 

From a study of U.K. stocks, Pedley and H i l e ~ ( ~ )  have sug- 
gested that phenalenes and indoles are the precursors of some 
fuel sediments. The phenalenes are known to oxidize to form 
phenalenones which can react by acid catalyzed condensation 
with indoles to form indolylphenalenes. These then form insolu- 
ble products by reaction with acids. 

Pedley et al(5) investigated Australian stocks and found 
that all fuels which proved to be unstable during stor con- 
tained both alkylindole and phenalene species. Marshman7'7 from 
a study of research blends made from fresh components obtained 
from U.K. and European refineries concluded that the stability of 
a fuel is related to the concentrations of phenalenes and in- 
doles, but the relationship is not straightforward. 

t?f 

ACCELERATED TESTS OF STORAGE STABILITY 

Such studies are useful in providing an understanding of the 
complex chemical mechanism by which sediment is formed. However, 
the person storing middle distillate fuels is more interested in 
the rate at which sediments will form. For example, the mili- 
tary and the Strategic Petroleum Reserve,both of which have to 
store large quantities of fue1,cannot tolerate unstable fuels. 

For that reason, a number of test methods have been de- 
veloped and standardized to provide an indication of the stabili- 
ty of a fuel. ASTM Test Methods D 2274, the accelerated stabil- 
ity procedure, and D5304, oxygen overpressure procedure, are two 
of the methods. The former has long been a required test in the 
Navy's distillate fuel specification; the latter is being consid- 
ered as an alternate or replacement. 

In Test Method D2274, which was used in obtaining the data 
to be presented in this paper, a 350 rnL volume of filtered fuel 
is aged at 95OC for 16 hours while oxygen is bubbled through the 
fuel at 3 L/h. The fuel is then cooled and insolubles are recov- 
ered. Particulates (FI) are recovered by filtration and gums 
adhering (AI) to the glassware are recovered by solvent washing. 
The insolubles are weighed and their sum is reported in mg/100 mL 
as a measure of the fuel's oxidative storage stability. 
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PROCEBB M A L Y B I B  

The reactions which lead to insolubles formation start as 
soon as the middle distillate fuel is produced and comes in 
Contact with an oxygen-containing atmosphere. The rate of reac- 
tion depends upon the specific fuel system and the materials With 
which it comes into contact. Copper and some other metals are 
oxidation catalysts. Rust also has some catalytic properties. 
Acidic materials can catalyze some of the potential reactions. 
Consequently, some of the instability reactions may have already 
occurred prior to laboratory testing of a fuel sample. An early 
step in the Test Method D 2 2 7 4  procedure is the filtering of the 
fuel sample to remove an solids that may have formed or that may 
have entered from other sources. 

Let us examine what we think occurs during a D 2 2 7 4  type of 
testing. First of all, some of the reaction products is bound to 
be soluble in the fuel, so it is only after the saturation limit 
is reached that particulates begin to appear in the fuel as 
filterable insolubles . 

Second, during the period required to reach saturation, 
another rate process is already removing instability products 
from the fuel. It is an adsorption process, and Fick's law of 
diffusion defines the rate of diffusion of the instability 
products to the glassware surface: 

Q is the quantity diffusing to the adsorption surface per unit 
time, D is the diffusion coefficient, A is the area of the glass- 
ware wetted by fuel, and c/t is the concentration gradient be- 
tween the bulk fuel and the surface of the glassware. Thus, 
while the instability reactions are placing reaction products in 
solution, the diffusion and adsorption process is removing mate- 
rial from solution and depositing it on the glassware. 

Presuming that the reaction process is faster than the 
rate at which reaction products are removed as adherent insolu- 
bles, the solubility limits of the reaction products in the fuel 
will eventually be reached and the filterable insolubles will 
begin to precipitate from solution. As long as reaction products 
are produced at a rate faster than they can be removed by adsorp- 
tion, excess material will precipitate to add to the quantity of 
filterable insolubles. 

If the concentrations of the reactants is rate controlling, 
there will be a gradual decrease in the rate of formation of 
filterable insolubles. However, if reactant concentrations are 
high, other rate processes may be limiting. For example, the 
rate at which dissolved oxygen can be replenished from the oxygen 
which is bubbled through the fuel in Test Method D 2 2 7 4  may be the 
controlling process. In such cases, the rate of formation of FI 
would be constant, and a plot of cumulative FI as a function of 
stress time would be linear, until the concentrations of the 
reactive fuel Components decreases to the point where their 
concentrations are controlling the rate. 

Because the instability reaction products (IRP) in solution 
will remain constant at the saturation concentration, the rate of 
formation of adherent insolubles will be constant, i.e. a plot of 
cumulative AI versus time will be linear. However, once the 
formation of reaction products drops below the rate just suffi- 
cient to maintain saturation, the rate of adherent insolubles 
formation will begin to decrease, 1.e. the slope will decrease 
and the cumulative AI will approach an asymptotic value. 

If both the filterable insolubles and the adherent insolu- 
bles approach asymptotic values, the ratio of the two must also 
approach an asymptotic value. 
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EX~ERIMENTA~ PROCEDURE AND RESULTS 

The author has previously reported some results obtained 
when twenty-one fuel stocks were individua stressed in a D2274 
procedure using a range of stress times. t'y m e  time response 
curves of total insolubles vs. stress time have an s-shape if the 
period is sufficiently long and the total insolubles level ap- 
proaches an asymptotic value. The study showed that tests using 
a single stress time are incapable of fully defining the stabili- 
ty characteristics of a fuel. It was also found that pre-aging a 
fuel prior to determining its time response curve appeared to 
affect only the duration of the induction period. 

The same twenty-one stocks and the same tests form the basis 
of this paper, in which we examine the manner in which stress 
time affects the individual components of total insolubles, i.e. 
the filterable insolubles (FI) and the adherent insolubles (AI). 
Properties of the stocks were presented in the earlier paper. 

The experimental data tend to support the postulated mecha- 
nism. Figures 1 to 4 show the filterable insolubles, the adher- 
ent insolubles, and the ratio of filterables to adherents as 
functions of the time the four fuels were left in the 95OC bath. 
These illustrations were selected as representative of the twenty 
one stocks mentioned earlier. Similar curves were obtained with 
the other fuels. 

Although fuels which had data points at five or more times 
and which had one or more data points representing times of sixty 
or more hours were preferred, the need to show representative 
fuels did not always permit such preferences to be honored. In 
general, the shapes of the curves were not as certain with fewer 
points or with a smaller range of times. 

Figure 1 shows the time response curves for a light cycle 
oil (LCO). Note the initial linear responses of both the AI and 
the FI. A rate limiting phenomenon controlling the formation of 
filterable insolubles below 40 hours of stress is postulated. 
Above the 40 hour stress point, it appear the concentration of 
the active components of the fuel are controlling. The AI also 
exhibit a linear rate response below the 40 hour point, which is 
consistent with the postulated mechanism. The ratio of FI to AI 
seems to be approaching an asymptotic value of about 2. 

Figure 2 shows the time response curves for a 40160 volume 
percent blend of an LCO in a straight run (SR) fraction. The 
range of times ran only to 46.2 hours but, within that time 
range, we did obtain six data points. The curves indicates that 
saturation is not reached until 2 0  hours have elapsed. The 
standard 16-hour test would have shown this to be a very stable 
fuel with very low insolubles whereas, in another 20 hours, it 
approached its asymptotic level of roughly 3.5 mg/100 mL. 

The FI curve shows that the concentrations of active compo- 
nents is controlling, and the AI curve supports the adsorption 
hypothesis because it is linear. The FIIAI ratio curve seems to 
be reaching an asymptotic value of about 2. 

Figure 3 shows the time response curves for a 3 0 1 7 0  blend of 
an LCO with an SR fraction. The FI time response curve shows a 
decreasing rate of FI formation, so the concentrations of active 
ingredients is postulated as controlling. The AI response curve 
is again linear, and the ratio curve seems to be approaching an 
asymptotic value of about 1. 

Figure 4 shows the time response curve for a blend of a high 
sulfur heavy diesel fuel in a CAT 1H fuel. The maximum stress 
time is 40 hours, but we do have five data points. Linear fits 
are obtained for both the FI and the AI, and the ratio of the two 
seems to be reaching an asymptotic value of about 3.5. 
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FINDINQS AHD COIoCLU8IOIo8 

1. Formation of FI remains essentially zero until the fuel 
iS saturated with instability reaction products (IRP s) . There- 
after, the rate of FI formation may be linear if there is a 
limiting rate factor such as oxygen supply, or it may decrease as 
reactive components are depleted. 

2. Once a fuel is saturated with IRP's, AI formation is 
constant until reaction rates are too slow to keep the fuel 
saturated. 

3. After the fuel becomes saturated with IRP's, the FI/AI 
ratio starts to approach a constant value. Experience indicates 
this is often about 1 or 2. We have seen no value above 6. 
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FI, AI, and the FI/AI ratio as functions of time. 
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. INTRODUCTION 

The thermal stability of mitifay jet fuels is of increasing concern as the fuels must wilhstand ever increasing loads 
as the molanvheal sink for the system of advanced aircraft (I). Fuels exposed lo  elevated temperatures and oxygen 
form soluble and insoluble oxidation products. The formatioo of insoluble deposits in fuel system and Ihc 
resulting possibility of system failure is of particular concern. 

Hazlett pointed out the role of phenols and oxidative phenolic coupling in the formation of insoluble deposits under 
accelerated storage conditions in 1986 (*? We have observed phenols as the only reactive species in engine 
augmenler fuel tube and spray ring deposits from a mililary engine 0). From the real engine deposits we postulate 
deposit initiation by oxidative phenolic coupling, followed by condensation to three dimensional ammatic nehvorks 
as the initial phenolic dimers and oligomers are exposed to more heat energy. Lo experiments with fuel samples, 
solid phasc extraction of polar compounds were predominately phenolic for non-hydmtreated fuels but not with 
hydrotreated fuels ('). The hydrotreated fuels oxidized rapidly and extensively to give alcohols and carbonyl 
products,including (he homologous series of 5-alLyldihydrofuranona. Hydrolrealed fuels did not form significant 
amounts of insoluble solid & p i t .  Non-hydrotrealed fuels oxidized slowly and formed large amounts of insoluble 
deposits. Heneghiln has observed this inverse relationship of deposit formation and "oxidiwbility" for 20 different 
fuels as measured by eight separate techniques (I? 

Nou-hydrotreated fuels are generally high in sulfur relative to hydrotreated fuels. The catalytic effect of sulhrric 
and sulfonic acids in the demmposition of a-arylhydroperoxides lo phenols is well known (6? Hardy, el. al.. 
observed (be effect of w e d  s d k  compounds as anti-peroxidam (7) in fuels and in model system (*). 

lf oxidative phenolic coupling is a major mechanism for w i t  formation, h e  effect of sulfur compounds in the 
producrion of phenols by decomposition of arylhydroperoxide precursors should significantly increase deposit 
formation. Tbe relative effects of different classes of sulfw compounds is prdmbly predidable, but lhe effecl of 
thes  compounds on phenolic coupling is not known. A previously prepared, 12 component, arrrogalc fuel (9)  

presents a (at media for doping cxperiments with reprPsentative sulfur compounds from which reaction products 
of fuel components and sulfur compounds should be easy lo follow. compared to complex real fuels. 

Aliphatic thiols. thiopheMlS, thiophenes, te~~~othiophenes and disulfides are represented by dopant compounds. 
GravimeUic resulls of deposit formation, extraction and analysis of polar products by GC-MS and analysis of 
insoluble solids by step wise thermal desorbtiodpymlysis-GC-MS gives a fairly complete picture of the oxidation 
.and w i t  procerses. The information should eslablish a relationship of suucture to deposit tendency for these 
classes of sulfur compounds. To investigate possible effects of the sulfur compounds in phenolic coupling, 2- 
propylphenol was added to all samples. 

EXPERIMENTAL 

Surrogatefuel: Isooctaoe, 5.0 YG wtlwt.. methylcyclohexane, 5.0 %, m-xylene. 5.0 %; cyclooctane, 5.0 Yo; 
tetramethykuene, 5.0 YG telralin, 5.0 %, dodec;tne, 20.0 %; me(hylnaphlhalene. 5.0 %; telradecane, 15.0 %and 
hexadecane. 10.0 Yi, were 99' % grade purchased from Aldrich. 

Dopant compounds: 2-propylphenol, 3,4dimelhyllhiophenol. pheuylethylmercaptan, diknzothiophene, 
phenylsulfide. Z-ethyllhiophenol. 2-ethylthiophene and hexanethiol were Aldrich reagent grade. Solvents: acetone, 
methanol, methylene chloride and toluene were Aldrich reagent or HPLC grade. High purity helium, nitrogen and 
oxygen gascs were used as supplied by Central Kentucky Welding Supply. 

Fuel stressing: The flask ted apparatus and operation have been described previously e? 30.0 mL of surrogate 
fuel and dopants were stressed in a 50 mL round bottom flask, equipped with a Friedricks condenser with coolant 
at 0-5 OC and heated with mantles convolled to 175 +/- 2 OC. The fuel was nitrogen purged until temperature 
equilibrated and oxygen was then sparged into lhe fuel at 100 mllmin. via 0.53 mm fuzed quam capillary. 
Samples were stressed for 24 hours. filtered and washed upon reaching room temperature. Stressed fuel was 
vacuum filtered with O s m o n i d  0.45 silver membrane 47 mm filter. Glassware and filters were washed with 
heptane. Filtered deposits were washed with acetone. Filters, with amone insoluble material were dried in 
vacuum (20-30 torr, 80 "c) 36-48 hours and reweighed. Acetone soluble gums were collected as filuate. the 
solvent evaporated with dry nitrogen and weighed. 

Solid phase extraction: 1.0 g J & W silica gel SPE cartridges were conditioned with 2 x 5 mL portions of 

e x d  and the culridge washed with 3 x 3 mL of heptane, lightly air dried (2 x IO mL) and the extract eluw 
with 3.0 mL methanol. Methanol was evaporated with dry nilrogen, the extract weighed and immediately 
rediluted to 1.0 mL with methanol. 

Analysis: Hewldt Packard 5890 series n GC15890 MS with 7673A autosampler. MS s c a d  35-550 mlr six 
minute wlvent delay. 1.0 @ splitless injection, 280 'C injection port and transfer line. 50 meter x 0.25 mm x 0.5 
pn J & W DE-5 MS column at 30 psi head pressure, Purge lime 0.5 min.. 2 min. at 60 OC, 2 "C/min. to 250 Qc, 
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It) Winin. to 280 and 10 niia. final hold. Sample sa~iiples by thernial desobtionlpyrolysis with CDS model I0I)o 
Pyroprobe*. Coil probe, 2 x 16 nim q a a m  tube. Approximately IO mg of dry simple lor sequential thermal 
desorbtion and pyrolysis at 200, 280, 450, 750 and 1 IO O C .  Interface at 200 and 280 "C for first two samples, 
probe fired immediately upon attaining interface temperature. Interface at 325-330 OC for final three pyrolysis 
runs. Probe fired 99.9 seconds in all cases and GC run started immediately after probe firing MS scanned 15-550 
d z .  GC purge time four nunutes. Initial tcniperature (9 -50 "C for six minutes, 10 *Chiin. to 50 "C, then thrg 
Wiiiin. to 280 "C and 17.33 niin. hold for I I O  inin. Total nin time with the same column as soluble samplc NIIS. 

RESUI.TS S DISCUS.SION 

Tlle conditions of the nask test in lhis work (I75 "C, 24 hr., 100 niWuiin. 0,) represent exlrcmes, shofl of 
pyrolytic conditions, for the thernial-oxidative stress of fuel and must be under s td  to represent no possible real 
case. I f  anything, it is a hyper-accelerated storagc modcl. The advantage of thc conditions is Ihc productioii 01 
oxidation products and dcposils in quantities amenable lo the analytical methods used in a relatively short tiliie. 

We have subjected nine samples to thermal oxidative stress under identical conditions: The surrogate hel. 
uiidopcd; surrogate + 1.0 X 2-propylpheiiol; and surrogate + 1.0 X 2-propylphenol with 0.5 % sulfiir conipouiid 
(3,Jdimethylthiophenol, 2-ethylthioplienol. phenylethylmercaptan, hexanethiol, 2-elhylthiophene. 
dibemotlliophenc and phenylsulfide). Fuel 
insoluble, but acetone soluble solids arc gums and acetone insoluble material is called solids. Table 3 is a 
compilation of the gravimetric data obtained. Relative comparison of these data to that obtained from real fuels ( I )  
sugqxt that solid Formation IS the most valid indicator of thernial stability. 

Fuels stable to deposit formation and thermally stable by JFTOT. etc., siich as IP-7, mTS, POSF 2747 and the 
surrogate fuel forni'substantial amounts of gum but iiisignifiwut solids in the flask test. Less stablc fuels lorm less 
gun1 but dramatically more solids. The fuels with high gum and extract concentrations can be characterized as 
"oxidizable" fuels and those with high solids but low gums and exlracts as "Mn-oxidizable' Table 3 sliows 
dibenzothiophene, phenylsullidc and 2-etliylthiophene as dopants that produce "oxidizable" fucls relative to 
undoped surrogatc (IP-8s) or surrogate doped only with 2-propylphenol. The thiophenols and alkyl thiols, 3.4- 
dimetliyltliioplienol, 2-ethylthiopheuol, plieiiylelliylriiercaptaii and hexanethiol doped fuels arc "iion-o.\idi/ablc" 
mid foriii Iiirgcr iiiiioiints of solid dcposil. 2-ctliylthioplicnc is so~iicwh~iI ~IIIOIII~I~OIIS by griiviinctric dah  :IS well :IS 
cliroiu:itograpliic analysis. This is probably duc to cxtrcn~c oxidative coiidilioiis. clcaviiig tlic riug lo loriii a 
sulfonic acid. 

Space permits only representative chromatogranis and product identificalion for polar extracts and therllwl 
desorblionlpyrolysis of solids. The more extreme cases are used. Chromatograms 01 polar extracts of "oxidizable" 
fuels are Figure la, surrogate, no dopanl, Ib, phenylsulfide dopant and Figure IC, dibcnzothiophene dopant. 
Tables la, Ib and I C  are product identification for the corresponding chromalograms. Figures 2a and 2b are 
cliromitograms of "non-oxidimblc" fucls, dopcd with plieeyletli~lmcrc;iptan and 3,4dimcthylthiophenol. Tables 
2;1 and 2b are producl idcntilic;itioii lor thcse chroinatogr;inis. 

Comparison of the chromatograms shows a demh of oxidation products from the fuels doped with the thiol and 
thiophenol and a proliferation of oxidized species in nndoped and fuels doped with phenylsulfide and 
dibeiuolhiophene. 2-propylphenol and 2,4,5-triniethylphenol are the most abundant compounds in the extracts of 
phenylethylmercaplan and 3,4diniethylthiophcnol doped surrogate. The trimethylphenol has to be the product of 
,hydroperoxide decomposition from tlie 1,2,4,5-tetramethylben~ene (durene), present in tlie surrogate fuel. The 
phenols are minor components in the chronutogranis of the "oxidizable" fuel extracts. The sulfones of 
diknzothioplicnc and phenylsullidc are found in the respective chromatograms (at about 94 and 88 Inin. R.T.). 
The most reasonable interpretation of tliese observations is thal the alkyl and aryl thiols both quickly oxidize to 
sulfonic acids tlial catalyze phenol productioii from ir-arylhydroperoxides. Oxidation of aliphatic hiel components 
is inhibited. The sulfide and thiophene are oxidized to siilfoncs bul essentially do not arfect oiidation of fuel 
components. 

Sequential thermal desorbtionlpyrolysis with GC-MS analysis has proven a valuable technique for characterization 
of insoluble solids, but a r e  must be exercised in interpretation of data Pyrolysis onset teuiperature and the result 
of thernio-synthesis dCgrddltiOn and rearrangenients can not be exactly known. Total ion chromatograms for the 
technique applied to solids formed by the surrogate fuel doped with 2-propylphenol and 3,4diniethylthiophenol are 
presented in Figure 3. The temperature sequence the simple is subjected to for separate chromitograms is 200, 
280, 450,750 and 1100 "C. Expcrieiice has shown that solid deposits from jet fuels contain high concentrations of 
absorbed fuel componeots. These are essentially all desorbed ill 200 "C. 280 and 450 "C providc the IIIOS usfhil 
information for characterizing the solid matrix. At 280 OC, it is assumed that strongly absorbed compounds arc 
desorbed and weak cheniiwl bonds are broken. At 450 "C, we assume pyrolytic decomposition of the polymeric 
matrix without extensive rearrangenieiit or pyrosynthesis. This is supported by model studies with "Noryl" (poly- 
2,bdimethylphenol) polymer ('). Pyrolysis at 450 "C produced mononieric C,-C, phenols in high abundance and 
several -0- arid -CH,- linked dimers. The niajor prodact W:IS 2.6-di11lclhylphcno1. We assme that this step 
condenses remaining solid sample and subseqiieiit chromatograms arc essentially all from aromatic hydrocarbons. 

Figures l a  and 4b through 7a and 7b, are the respective total ion chromatogranis cbtained fronl solids 01 hlcls 
doped with phcnylsiilfide, dibcnzothiophcnc. phciiylctliylmcrcaptaii and 3,4-di~nctLyltl1iopl1~1iol at 280 and 450 
"C. These chronlatograms suppon the oxidative phenolic coupling as the mechanism for Formation of extensive 
solid deposits. The chromatograms from the "non+xidiZiiig" thiophenol and mercaptan doped surrogaie are 
essentially all phenolic and aromatic while the chromatograms of solids from sulfide and thiopherle doped fuel 
show prcdorninatcly alkenes, alcohols and ketones. Thc sulfonic :rids of plicnyletliylsicrcapta~i arid S.4- 
diniethylthiophenol arc present in the respective chromatogranis. as are the dibenzosulfone arid phenylsulfoxide. 

The data from this work is consistent with sulfonic acid formation and wialysis of phenol production IO rcsult i n  
insoluble solid deposits Conned by oxidative phenolic coupling. A consequence of these observations is that i l  
should be relatively simple to desire a method to predict hiel stability (to solid deposit formation) tht would be 
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based on faustic extraction followed by funher separation and analysis. Such a meihod would need to include 
ofentraclable interferences such as deicer. 

The dilemnia of stability to peroxidation verses deposition remains Hydrotrealcd fuels would Seem I O  solve the 
dcpqsitioll problcllls if q$iics and fuel lraiisfcr systclns wcrc "pcrosidc proor'. AI prcseiil, it scciiis the so~ulioli 
r W i r a  antioxidants that are Iheniselves not deposit promolers. 
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Figure la. TOM Ion Chronlatograni of Solid Phase Extract of JP-8s + 1.0 o/. 2-propylphcnol. 24 Hour Flask 
Test at I75 "C Wilh Nowing 0.xygen. 

Figure lb. Total Ion Chromatogram of Solid Phase Exlracl of JP-8s + 1.0 % 2-propylphcnol and 0.5 % 
Plienylsullide. 24 Hour Flask Test at 175 "C With Flowing Oxygen. 

945 



Figure IC. Total Ion Chroinatograiii of Solid Pliax Exlran of JPdS  + 1.0 % 2-propylplieiiol and 0.5 % 
Dibenzolhiophene. 24 Hour Flask Tesl a1 175 "C Wilh Flowing Ongen. 
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Figure 2a. Tow1 Ion Cliromalograiii of Solid Phase Extract of JP-8s + 1.0 '% 2-propylplienol aud 0.5 % 
Plienylelliylinercaplan. 24 Hour Flask Test a1 175 OC with Flowing Oxygen. 

Figure 2b. Total Ion chroinatograiii of Solid P h a r  Exiracl of JP-8s + 1.0 % 2-propylphenol and 0.5 YO 3.4- 
dinietliyllhiophenol. 24 Hour Flask Tesl at 175 OC Wilh Flowing Osygen 

Table la. Peak ldciilihcation for Figure la. 

Peak # RI (Inin.) Compound 

I. 
2. 
3.  
4. 
5. 
6. 
7. 

9. 
10. 
I I .  
12. 
13. 
14. 
15. 
16. 
17. 

19. 
20. 
21. 
22. 

n. 

in. 

Z0.116 
2 I .60 
27.65 
35.37 
39.43 
40.20 
41.56 
43.36 
43.87 
47.62 
50.37 
5 I . 0 2  
5 I .29 

53.21 
53.9') 
56.80 
57.40 
5x.29 
59.47 
60.45 
61.02 

52.60 

Melhyldihydrohiran 23. 63.53 
Mixed pliciioVfuraiiiiictllanol 24. 64.02 
Ethyldihydrofurao 25. 65.15 
Propyldihydrofuraii 26. 66.43 
Mised acid 27. 68 66 
2-propylphenol 28. 69.19 

Bulyldihydrofuran 30. 71.62 
2,4,5-trimethyIphenoI 31. 72.64 
Mixed isobenzoFuraiidionelmeiIiyl riaphihalene 
lsobenzofurnnone 32. 77.64 
Pcnlyldi Iiydrofxiii 33. x0.7x 
Substitwed ki izcne 34. 83.47 

Aliphatic alcohol 29. 70.39 

C, phenol 35. 89.03 
Telradecane 
Mctliyli~,bcnzof~irsldioiic 
Benzopyraiione 
Substituted benzopyraii 
Hexyldihydroliiran 
Naphlhalenone 
lndolediole 
C, phenol'! 946 

Propenylbciizodioxole 
C, pheiiol 
Heptyldihydrofuran 
HexadecandC, diliydrofuran niix 
Methylnaphlhalenol 
Phenylkelone 
Substituted cycloketone 
C, dihydrofuriln 
Subslilulcd naphthalene 

C, dihydrohran 
Subsiitulul :ironi:ilic 
Clo dihydrohiran 
Subslituted aromatic 



Figure IC. Total Ion Chroliiatogranl of Solid Phase Extract of JP-8s + 1.0 % 2-propylpheiiol and 0.5 % 
Diben~othiopliese. 24 Hour Flask Test a1 I75 OC With Flowing Oxygen. 
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Figure2a. Tolal Ion Chromatogram of Solid Phase Extract of JP-XS + 1.0 % 2-prop)lpheiiol and 0.5 % 
Plienylethylinercaplan, 24 Hour Flask Test at 175 "C with Flowing O-xygen. 

Figure 2b. Total Ion chromatogram of Solid Phase Extract of JP-8s + 1.0 o/. 2-propylplienol and 0.5 % 3.4- 
diniethylthiophenol. 24 Hour Flask Test at 175 "C With Flowing Oxygen. 

Table la. Peak ldeiitilication for Figure la 

Peak # Rt (min ) Compound 

1. 
2. 
3. 
4. 
5 .  
6. 
7. 
8. 
9. 
Ill. 
11. 
12. 
13. 
14. 
15. 
16. 
17 

I'J. 
2 0  
21. 
22. 

in. 

20.06 Methyldihydrofuran 23. 63.53 
21.60 Mixed plienol/furanmethanoI 24. 64.02 
27 65 Ethyldihydrofuran 25 65 15 
3.537 Propyldihydrohran 26. 66.43 
39.43 Mixed acid 27. 68.66 
40.20 2-propylphenol 28. 69.19 

13.36 Butyldilydrohiran S O .  71.62 

47.62 Mixcd isobenzofiir;indiondiiicllryl ~~aplithalcnc 
31.37 hbeomfiiranone 32. 71.64 

51 29 Substituted benane 34. 83.47 

53.2 I Tetradecane 
53.99 Metliylisobenzofurandiorie 
56 80 Benzopyrdnone 
57 40  Silhstiliitcd kcn~op)r;~ii 
58 29 Hcxyldili).droliir~~ii 
59 47 Naplitlialeiioiic 
60.15 lndolediole 
64.02 C,, phenol? 

4 I 56 Aliphatic alcohol 29. 70.s9 

43.87 2,4,5-trin1cll1ylphcnol S I  72.64 

5 I .02 PciitsldilisdroAiriii 33. 80.78 

52.60 C, phenol 3s. 89.03 
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Propenylbenzodiosole 
C, phenol 
Heptyldihydrofuran 
HexadecandC, dihydrofuran mix 
Methylnaphthalenol 
Plieny ketone 
Substituted cvcloketolic 
C, diIi)drofuraii 
Substitutcd naphtlialenc 

C, dihydrofuran 
Siibstitiilcd aroiiiiltic 
C , ,  dihydrohiran 
Substitutcd aromatic 



'Tablc Ib. Pcak Idenlificatioii for Figure Ib 

Peak U RI (inin.) Compound 

1. 
2. 
3. 
4. 
5 .  
6. 
7 

9. 
IO. 
I I .  
12 
13. 
14. 
IS. 
16. 
17 
I8 
19. 
20. 
21. 
22. 
23. 

8. 

28.52 
36.34 
40.12 
40.97 
44.37 
44.72 
40.27 
52.13 
53.83 
54.23 
54.99 
57.78 
59.12 
60.53 
61.94 
64.56 
66.117 
70.27 
72.52 
73.91 
7R.50 
84.25 
88.94 

Etliyldihydrofuran 
Prop! ldihydrofiiran 
Hexanoic acid 
2-propylphcnol 
Butyldihydrofuran 
C, dihydrohiran 
Isohciiiofiii;iiidiuiic 
C, dihgdrohiran 
Methylbenzofurandione 
Alkaneol 
Methy lisobenzorurandioiie 
Benzopyranone 
Heqldihydrofuran 
Dihydronaphthalenone 
Phthalate 
Phenylpropenal 
C, dihydrohiran 
Substitoled cycloketone 
C, dihydrofuran 
Naphthoic acid 
C, diliydrofiiraii 
C I di hydrofuran 
Phenylsulfone 

Table IC. Peak Identification for Figure IC.  

Peak U Rt (mill.) Compound 

I 
2. 
3. 
4. 
5 .  
6. 
7. 
8. 
9. 
IO. 
I I .  
12 
13. 
I4 
15. 
16. 
17. 
18. 
19. 
20. 
2 1  
22. 
2s. 
24. 
25. 

26.22 
30.40 
33.82 
35.95 
37.55 
38.50 
39.69 
4 1.72 
42.25 
46.03 
48.52 
49.29 
51 I I  
5 1  52 
52.42 
54.86 
56.62 
57.04 
61.45 
63.27 
64 57 
67.02 
69.73 
75.77 
81.54 

Elliyldiliydrofiir~ii 
Diene ? 
Propyldihsdrofuran 
Phenylelhylelhanone 
Carboxylic acid 
2-propylphenol 
Substituted cyclohexanone 
Butyldihydrofuran 
2.4.5-trimetliylphenol 
Isobenzofurandione 
Isobenzorunndione 
Bii~yldiliydrofi~ra~io~ie 
Subslilutcd benzofuran 
Subsliluled alkane 
Pentyldihydrohiran 
Benzopyranone 
Hexyldihydrofuran 
Substiluted benzoic acid 
Substiluted benzene 
Heptyldihydroruran 
Alkane 
Substituted kctone 
Oclyldihydrofuran 
Nonyldihydroruran 
Deqldihydrofuan 

'Table 2:1 Pcak Idcntificalion for Figure 2a. 

Peak U Rt (niin ) Conipound 

I .  39.42 
2. 41.18 
3 44.50 
.I 52.75 
5 .  53.28 

6 .  55.21 

7. 57.37 
8. 57.84 
9. 61.04 

I O .  62.50 
I I .  66.65 
12. 68.60 

Substiluted benroic acid 
2-prop? lpheool 
2.4.5-1ri111etIiylplienol 
Diliydronaphthalenone 
3.4-dili).drobenzop~ran-2- 
one 
1.2- 
diliydroxypropylbeiizeiie 
Benxopyran-2-one 
Subslituled benzopyran 
Sub. 
dihydrobenzopyranone 

Penladecine 
Methylnaphthalenol 

c, phenol 
I 

Table 2b. Peak Idenlification for Figure 2b 

Peak U RI (niin ) Conipoiind 

/ 

I .  
2 
S. 
4. 
4 
6. 

7. 

R. 

15.72 
38.77 
42.35 
5 I .06 
54.90 
58.96 

61.2') 

66.29 

Ketone 
2-propy lphenol 
2.4.5-trimelhylphenol 
Methylbenroruranone 
Bcn7opyran-2-one 
Substituted 
diniethylphenol 
Dimelhyl-2.3- 
dihydroindenc- I-one 
Substituted phenol 

Table 3. Gravinieiric Analysis of Thermally Stressed Fuels 
A 

948 



I 
J 

Figurc 3. Scqiiciilial 'llicriii:il Dcsoibtioii/Pyrol,sis 'Total 1011 Cliroiiiatogranis or Ilisolublc Solids Froill JP-XS 
Doped With Cumene and 3.Jdiinelli).ltliioplieiiol. 
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Figures 4a & b. Tolal Ion Chromalograms of Insoluble Solids From JP-8s + 1 0 % 2-propylphenol and 0.5 % 
Phenylsullide. Thermal Desorbtion at 280 "C (a) and Pyrolysis 81 450 "C (b). 
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Figilrcs 5a & b. 'loml Ion Clironialograllis or llisoluble Solids From JP-XS + I .O Yo 2-propyIpIiciioI atid 0.5 % 
Dibenaotliiopliene 

Figures 6 a B b. Tliermal Desorbtion @ 2RO OC and Pyrolysis @ 450 OC of Solids Formed From JP-RS Doped 
Wilh 1.0 % 2-propylphenol Br 0.5 % Phenylethglmercapcan. 
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Figures 7 a & b Tliemial Desorbtion @ 280 OC and Pyrolysis @! 450 OC of Solids Formal From JP-8s Doped 
With I 0 % 2-propylphenol & 0.5 % 3.4dimethylthiophenol. 
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SURFACE FOULING: SHORT- VS. LONG -TERM TESTS 
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INTRODUCTION 

Problems associated with surface fouling of fuel lines, nozzles, and heat exchangers 
caused by thermo-oxidative stressing of aviation fuel have been documented.' With 
enhanced aircraft performance, heat loads from both the airframe and the engine that 
must be dissipated via the fuel become greater. The resultant additional fuel degrada- 
tion exacerbates aircraft system failures. Since the extent of surface fouling depends 
strongly upon the particular aviation fuel, it is important to be able to assess each fuel 
in a simple accelerated laboratory test for simulating the therrno-oxidative stress expe- 
rienced in aircraft fuel lines. 

In the present study a simple dynamic test is employed, whereby the fuel is stressed 
under well-defined chemical-oxidation conditions that are near-isothermal. Quantifica- 
tion of surface and filtered insolubles provides an objective evaluation of fuel behavior 
at each temperature. In addition, the dependence of deposition rate upon stress dura- 
tion provides a temporal profile of the reaction. The general laboratory goal is to 
evaluate fuel at several temperatures in an attempt to simulate thermo-oxidative stress 
but not the fluid-dynamic conditions in aircraft. These results can then be used to cali- 
brate Computational-Fluid-Dynamics (CFD) models2 for calculating fouling under the 
diverse temperature and fuel-flow conditions that are found within aircraft but are diffi- 
cult to achieve experimentally with small-scale rigs. 

The present investigation has involved fouling of heated stainless-steel surfaces 
caused by a particular Jet-A aviation fuel designated POSF-2827. Although this is a 
representative fuel that meets USAF specifications, it has a propensity for fouling 
heated surfaces at low temperatures, making it an ideal candidate for experimental 
study.3 Recent results were reported from this laboratory on surface deposition on 
stainless-steel surfaces as a function of stress duration for fuel flowing through a heat 
exchanger at 185°C under near-isothermal conditi0ns.4~5 These results indicated that 
deposition arises from a bulk-formed species designated a surface-deposition precur- 
sor, P, and that deposition is complete within 10 min of stressing inside 0.125-in-0.d. 
stainless-steel tubing. Deposition over the temperature range 155-225'C was found 
to occur during a time interval that correlates with the measured time for oxygen con- 
s ~ m p t i o n . ~ - ~  The experimental test time in these prior experiments was set at 6 hr to 
ensure measurable deposits yet maintain surface fouling predominantly on the steel 
rather than on previously deposited surfaces. 

The goal of the current study was to compare deposition in short-term (6-hr) tests with 
that in long-term tests where most of the deposition occurs on previously deposited 
surfaces. Results reported here show that the average surface fouling rates measured 
during extended test times differ from those measured during a 6-hr test. Since the 
bulk-fuel/wall temperature is held constant during the course of these experiments as 
a result of the low flow rate, deposits serve only to change the surface layer without 
influencing the bulk temperature of the fuel. 

As the test time is extended, the deposition-rate-versus-stress-duration profile broad- 
ens, the maximum is reduced, and its location shifts to longer stress duration. These 
observations made at 155 and 185OC are shown to arise from a transition in the rate of 
oxygen loss as a result of surface fouling and a reduction in adherence to a fouled 
surface. The implications of these findings with respect to inherent surface fouling 
within aviation fuel systems are discussed. 

EXPERIMENTAL 

POSF-2827 fuel has a JFTOT breakpoint of 266T  and a sulfur level of 0.079% (w/w). 
This fuel falls into a category described by Kendall and Millsawhere the presence of 
sulfur compounds tends to inhibit oxidation but at the expense of increased insoluble 
formation.3 
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Data Were collected using the Near-Isothermal Flowing Test Rig (NIFTR) which has 
been described previously.4.5 The advantage of the NIFTR experiment is the ability to 
measure deposition rates and dissolved oxygen as a function of reaction time at a 
fixed temperature. For each selected fuel-flow rate, the reaction time or stress duration 
is determined by tube dimensions and location along the tube axis. In the pres- 
ent experiment deposits were collected on 0.1 25-in.-o.d., 0.085-in.-i.d. commercial 
stainless-steel (304) tubing. The standard heated section was 32 in.; however, for test 
times longer than 6 hr, the spatial distribution of the deposition broadened and the 
complete profile could not be collected on a single pass through the heat exchanger. 
Three approaches were taken: 1) only the limited profile was collected on a single 
pass, 2) the fuel was passed back through a second tube within the NIFTR to double 
the Path length, and 3) the fuel-flow rate was reduced to extend the stress duration 
accordingly within a single pass. It is important to distinguish stress duration from 
experimental test time in dynamic isothermal experiments. Stress duration is the reac- 
tion time at temperature, and the experimental test time (along with the fuel-flow rate) 
determines the total quantity of fuel passed through the system. The total fuel ranged 
from 25 to 1035 mL. Dissolved oxygen was measured in separate experiments using 
the entire tube as a reaction region, with stress time being varied by changing the fuel- 
flow rate. 

Deposition rates at 185 and 155°C are based on the quantity of carbon in the deposits 
determined from surface-carbon burnoff (LECO RC-412) of 2-in. sections cut from the 
32-in. heated tube. Rate is expressed in units of micrograms of carbon per unit volume 
of tube section per unit test time which is equivalent to micrograms of carbon per unit 
stress time within a tube section per unit volume of fuel passed through the system? In 
each case the fuel is saturated with respect to air, with oxygen being measured as 64 
ppm (w/w).9 

RESULTS AND DISCUSSION 

-. The measured deposition rate averaged for 6, 24, 30, 32, 48, and 69 hr is 
shown in Figure 1 as a function of stress duration at 185OC for a fixed fuel-flow rate of 
0.25 mUmin. The following observations describe the changes in surface deposition 
with extension of integration time: 1) the profile broadens with significant tailing; 2) the 
maximum in the deposition rate is reduced; and 3) the center of the deposition peak 
shifts to slightly longer stress times. Also, the profiles appear to approach a common 
shape at the longest experimental times. Extended reaction time in the 30- and 69-hr 
experiments was afforded by a second pass through the heat exchanger. Results of 
similar experiments at 155°C are presented in Figure 2. The same trends are 
observed; however, the reaction time frame is extended to permit completion of the 
deposition processes at lower temperature. 

Note that when comparing rates averaged over different experimental times, the base- 
line drops as the experimental time is increased. Background carbon which is inde- 
pendent of experimental test time has not been subtracted, and its impact is reduced in 
the longer-term averages. 

The major difference between 6-hr tests and those of much longer duration is the 
nature of the surface. Initially the deposition occurs on cleaned stainless-steel tube 
surfaces. As the experimental time is extended. the surface gradually makes a transi- 
tion to a completely carbonaceous-coated one. Deposition should be constant after 
complete coverage of the stainless-steel surfaces; for example, after the 48-hr test at 
185"c, the surface density at the maximum is 90 kg  cm-2. The maximum deposition 
rate per unit area is 1.1 pg c m 2  per hour of experiment. The observed variation in 
deposition is related to surface changes, and the major factor will be shown to be the 
rate of oxygen consumption. 

Oxvoen Loss. The residual dissolved oxygen for this fuel has been reported as a 
function of reaction time in stainless-steel tubes.5 Accelerated oxygen consumption 
observed at higher conversion was attributed to autocatalysis. Figure 3 shows the 
oxygen loss at 185°C measured using 1) a 32-in. cleaned stainless-steel tube,5 2) a 
tube that previously had been coated with carbonaceous deposits containing 0.27 mg 
of carbon, and 3) a tube coated with the same deposits containing 1.5 mg of carbon. 
The initial rates are similar. Autocatalysis causes the rapid increase in rate at higher 
conversion in the cleaned tube; however, this appears to be a surface-related phe- 
nomenon that is no longer observed when the surface becomes coated with deposits. 
Rates measured with the coated tubes remain constant, indicating a predominantly 
zeroth-order or oxygen-non-limited r e a ~ t i o n . ~  After 8-9 min all of the oxygen is con- 
verted. and the source of the deposits (namely, P) can no longer be maintained. This 

a 
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time corresponds to the location of the maximum in the shifted deposition profile at 
185OC. Similarly, oxygen loss measured at 155OC (Figure 4) shows the same trend. 

If the stainless-steel tubing is viewed as the norm, then deposits perturb the oxygen 
consumption by eliminating autocatalysis. If the coated (passivated) tubing is viewed 
as the norm--an alternative and preferable view--then the stainless steel perturbs the 
oxygen consumption by providing active catalytic sites which, at higher conversion, 
lead to an increased oxygen reaction rate. Deposition in short-term (6-hr) tests over 
the temperature range 155-225OC correlates with oxygen loss measured in cleaned 
stainless-steel tubes;6 similarly, deposition in long-term tests is expected to correlate 
with oxygen loss measured using tubes that have been passivated by deposits. The 
higher deposition rate observed in 6-hr experiments results from the oxygen loss that 
occurs during surface-induced autocatalysis. The reduction in surface deposition rate, 
the broadening of the deposition profile, and the shift in the maximum in the long-term 
experiments are manifestations of the slower, constant rate of oxygen loss. 

The deposition profiles in long-term tests have tails that extend well beyond the region 
of 100% oxygen conversion. For example, at 185"C, despite complete oxygen deple- 
tion at 9 min, the deposition continues beyond 17 min. This is interpreted as reduced 
surface adherence of P. 

ImDlicationg. Autocatalysis has been attributed to thermal dissociation of an oxidation 
product such as hydroperoxide.5 The present results indicate that autocatalytic effects 
in POSF-2827 fuel are caused by a surface-induced reaction of an oxidation prod- 
uct involving active sites on stainless steel. Carbonaceous deposits remove active 
sites, thereby eliminating autocatalysis. 

Carbon-burnoff techniques generally require the use of cleaned surfaces for minimiz- 
ing background. Based upon the current findings, when surfaceinduced autocatalysis 
occurs, the maximum deposition and the oxygen reaction rates will be faster in short- 
term experiments that are carried to high conversion. Fuel evaluation in this laboratory 
is predicated on accelerated short-term tests that stress the fuel to complete oxygen 
conversion. In rating fuels, a deposition-rate criterion has not been applied; instead a 
total integrated quantity of deposit, Le. the area under the deposition profile in units of 
micrograms/milliliter, has been used. 

Catalytic effects of metals dissolved in fuels, in particular, copper from copper tubing 
as in Naval applications, can reduce fuel thermal stability, even at low concentrations.l 
Kendall and Mills8 observed this effect in flask tests, and Morris and Turnerlo observed 
it in expanded JFTOT experiments. Conceivably, the role of dissolved copper in cata- 
lyzing oxygen loss is analogous to the role of stainless-steel walls in what has been 
termed surface-induced autocatalysis. 

Fuel-evaluation techniques such as the JFTOT and Hot Liquid Process Simulator 
(HLPS) which make use of clean aluminum and stainless-steel surfaces, respectively, 
would be expected to be sensitive to the nature of the surface and also the manner in 
which oxygen is consumed. For example, Clark et al.11 have reported that a metal 
deactivator (MDA) functions optimally on clean metal surfaces; however, once a lac- 
quer layer has formed, MDA does not reduce deposition. The vulnerability of JFTOT 
results in short-term tests has been discussed by Clark and Bishop.12 The initial 
surface-passivation effects of MDA may mask problems detectable only during 
extended time periods. In view of the current results, the short-term benefit of MDA 
may be surface passivation which prevents autocatalysis. The reduced deposition 
would then be explained in terms of MDA slowing oxygen consumption rather than 
hindering adherence to the surface. In recent studies the DuPont fuel additive JFA-5 
which contains the MDA, N,N'-disalicylidene-l.2-propanediamine, has been found to 
eliminate autocatalytic oxygen loss in POSF-2827 fuel.13 

CONCLUSIONS 

The dependence of the surface deposition rate of POSF-2827 fuel on isothermal 
Stress duration at 155 and 185°C has been found to be a function of the experimental 
test time. In short-term (6-hr) tests, initial deposition is governed by the autocatalytic 
Consumption of oxygen. For long-term (- 70-hr) tests during which the initial stainless- 
steel surface becomes covered with deposits, the deposition profile changes to one 
governed by a slower loss of oxygen. 
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Oxygen loss in cleaned stainless-steel tubes is enhanced at high conversion as a 
result Of surface-induced autocatalysis. After deposits have completely covered the 
stainless-steel surfaces, active sites necessary for autocatalysis are removed. 
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THERMAL STABILITY OF DIESEL FUELS 
BY QUANTITATIVE GRAVIMETRIC JFTOT 
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INTRODUCTION 

The current worldwide standard test method for assessing thermal stability of jet turbine 
aviation fuels is the ASTM D3241 method. This method generates a visual tube deposit 
rating which is not quantitative, but assumes that very dark colors equate to  unstable fuels. 
The tube rating is coded against color standards and the darkest color is usually said to fail 
a fuel for use in jet turbine engineshe1 systems. The method also generates a semi- 
quantitataive filter pressure drop. The pressure drop is so semi-quantitative that it also is 
afforded a padfail  criterion for fuel acceptance in jet aircraft. 

In 1991, we described the construction of a test device which duplicated all of the 
experimentally important parameters of the D3241 method but which substituted a 
weighable 302 stainless steel (ds) foil strip for the bulky tube, so that direct weighing of 
thermal surface deposits could be made.’ In addition, the nominal 17 micron (dutch weave) 
s/s filter of the D3241 was substituted with a nylon membrane 0.8 micron filter which was 
also capable of direct weighing of the fuel entrained solids generated by the test. 

In subsequent papers, the use of this device for generating a large data base of results based 
on aviation fuels from many different refinery processes and many different 
geographic/crude sources was d e ~ r i b e d . ” ~  In addition this new device, dubbed the 
gravimetric jet fuel total oxidation tester (JFTOT) after the original ASTM D3241 device, 
was also used to assess quantitatively the effects of temperature, pressure, and fuel flow in 
addition to the effects of dissolved metals and various fuel additives. 

NOW that a reasonable data base for jet turbine fuels has been established regarding the 
deposit yields for s/s strip deposit weight and filterable deposit weight it was of interest to 
see how the gravimetric JFTOT would respond to mid distillate diesel type fuels. A suite 
of 7 fuels which were similar to number 2 diesel fuels and met all the additional criteria of 
NATO F-76 (US Navy) diesel fuel were selected for the test matrix These fuels had 
originally been selected for a separate study involving long term ambient storage stability 
and thus were chosen in an attempt to span as wide a range of fuel properties as possible 
and still meet the specification requirements for military use. 

EXPERIMENTAL 

The precision flow device consists of a reciprocating single piston HPLC pump which is 
connected to the fuel reservoir at atmospheric pressure on the suction side and to a high 
pressure filter holder containing a 0.8 micron Nylon 66 pre-filter on. the high pressure side. 
The fuel then flows through a heated section which is maintained at the chosen test 
temperature by the thermostated block heater. This heated section contains the pre- 
weighed s / ~  strip (weighed to the nearest 0.001 mg on a microbalance) which is held in 
position by the strip holder which is assembled into the s/s tube. The fuel flows through this 
heated section which has a surface to volume ratio of 17 cm-’ at 3.0 mVmin and a residence 
time of 6 seconds. The fuel is cooled to room temperature and exits through a back 
pressure valve maintained at  3.4 MPa (500 psi) into a clean glass container. 

The effluent fuel is immediately vacuum filtered through a pre-weighed 0.8 micron Nylon 
66 filter (weighed to the nearest 0.01 mg for the 47mm filters and to the nearest 0.001mg 
for the 13mm filters). At the end of the timed test, the strip assembly is removed from 
the block heater and allowed to cool, while maintaining fuel flow, for about 10 minutes. 
The foil strip is then removed, rinsed with hexane and allowed to dry, along with the rinsed 
fuel filter, for approximately 1 hour a t  70°C. After equilibration to room temperature the 
strip and filter are weighed. The increases in weights are reported in mgL. Exact details 
of the weighing technique and examples are given in previously published papers.’,z3 
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RESULTS 

Seven recent production diesel fuels were tested with the Gravimetric JFTOT using the 
standard conditions of 260°C for 2.5 hours at a fuel flow of 3.0 mumin at a pressure of 
psi. The results are shown in Table I. 

Figure 1 gives the ranking for the filterable deposit weights with a range from 0.9 mgs& to 
23.8 m@. For comparison the weight of filterable solids for n-tetradecane is indicated in 
this figure by a solid line and the maximum and minimum filterable solids weight for jet 
fuels tested to date is indicated by dashed lines. 

The ranking of the ds foil strip surface deposit weights are given in Figure 2. In this figure 
the solid line indicates the strip surface deposit weight for n-tetradecane and the dashed 
lines indicate the maximum and minimum strip surface weights for jet fuels tested to date. 

DISCUSSION AND CONCLUSIONS 

The dashed lines in Figures 1 and 2 show the maximum and minimum values of the jet 
turbine fuels used to generate the data base in the last 4 years. Jet fuel average strip 
weights (in Figure 2) range between 0.02 and 0.20 mg/I, with a number average of about 
0.08 mg/L and a worldwide volume weighted average of about 0.04 m a .  These fuels 
represent a very high percentage of the huge volume of jet fuels currently used worldwide 
and thus form a significantset of values against which to compare any and all futurejet fuel 
batches. 

The jet fuel average filterable solids weights (dashed lines in Figure 1) range between 0.5 
and 5.0 mg/L with a number average of about 1.5 mg/L and a worldwide volume weighted 
average of about 0.8 mg/L. 

Table 1 shows the data generated by the gravimetric JFTOT device for 7 representative 
diesel fuels from the US. The yield of the two types of solid deposit mesured are given in 
mg/L of fuel for both the strip weight and the filterable solids weight. It is interesting to  
note that even with this very small number of fuels the gravimetric JFTOT is capable of 
easily distinguishing between fuels as to their tendency to form solids under the conditions 
of this particular test. Strip weights range between 0.00 and 0.32 mglL with an average 
weight of about 0.12 mg/L. Filterable deposit weights range between 1.0 and 24.0 m a  with 
an average weight of about 12 mg/L. 

For the large jet fuel data base it has been pointed out already that the filterable deposit 
weight is always about 10 to 20 times the strip deposit weight for any given fuel. This effect 
appears to be even more pronounced with the diesel fuels where the filterable deposit 
weights appear to be about 100 times heavier than the strip deposit weights for any given 
fuel. 

In order to compare the 7 diesel fuels with the jet fuel data base for thermal stability the 
data in Table 1 are arranged into strip weights in Figure 2 and filter deposit weights in 
Figure 1. In Figure 2 it can be readily seen that most of the diesel fuels exhibit very good 
thermal stability with respect to the strip deposit weights for the jet fuel data base. Only 
fuel B exceeds the heaviest jet deposit weights. If this part of the test can be interpreted 
as the tendency of a fuel to form insulating lacquer deposits on aircraft heat exchangers, 
then clearly many diesel fuels are as "stable" as jet fuels in this regard. 

The filterable data are shown in Figure 1, where a somewhat different picture can be seen. 
In this case, two of the fuels (D and E) are very good with respect to the jet fuel data base. 
On the other hand, two of the diesels are very "thermally unstable" (B and C) when 
compared to the jet fuel data base, and 3 of the diesels are "marginal" (A, F and G) being 
somewhat higher than the highest weights obtained for jet fuel in the past 4 years. 

If the filterable weight data (or strip plus filter weight data) are used to assess the overall 
thermal stability performance in any given fuel, then only about a third of the diesel fuels 
could be deemed thermally stable when compared to typical thermally stable jet fuels. It 
should be noted that although it is tempting to use the data in this way and call the 
filterable deposit the material when might cause filter blockage, flow control valve sticking 
and nozzle foulinglclogging, no attempt has yet been made to validate this kind of 
correlation. 
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One should also note in Figures 1 and 2 the solid line which is given for the pure 
component n-tetradecane in the gravimetric J n O T .  This data can be used in two ways. 
First, it  can serve as a "solvent blank for both filterable and strip deposit weights for jet 
fuels. If used in this way it is apparent that most production jet fuels worldwide are vely 
thermally stable indeed to the JFTOT test conditions. Secondly, it can serve as a solvent 
blank for the diesel fuels, in which case some of the current production diesel fuels are also 
very thermally stable. 

These results indicate that the gravimetric JFTOT is a useful concept for ranking diesel 
fuels for their thermal stability. The diesels ranged from quite low (better than jet) to quite 
high (an order of magnitude greater than jet fuel) in their overall deposit forming 
tendencies. This type of information can be used in two possible ways. First, if gravimetric 
JFTOT data can be correlated to such phenomena as diesel engine injector fouling, it could 
be used to assess any given diesel fuels thermal stability for the intended diesel engine 
application. 

Second, and more provocative, this type of information on diesel fuels could be used by 
commercial or in some cases by military aircraft operators to assess the thermal stability 
application for aircraft use. This would be subject t o  a given diesel fuel's suitability in all 
other aspects in addition to thermal stability. Various additional areas where diesel fuel 
might be limited would be the higher viscosity and higher freeze pointkloud point of diesel 
fuel which would then preclude its use as aircraft fuel. The obvious advantage especially 
to long distance aircraft would be the extended range possible with the usually higher 
density diesel fuel in volume limited aircraft. 
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Table I. Insolubles Formed From Diesel Fuels After Gravimetric Testing. All 

Fuel s/s Strip Weight Filter Weight Total Weight 

weights in m g L  of fuel. Test conditions of 260°C. 3.0 mumin for 2.5 hours 

A 0.23 13.6 13.83 

B 0.32 23.8 24.12 

C 0.16 21.1 21.26 

D 0.01 0.9 0.91 

E 0.02 1.8 1.82 

F 0.00 8.2 8.20 

G 0.08 14.8 14.88 
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